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1.4  Perform the following unit conversions: 

 

(a) 3
33

in. 61
ft 1

in. 12

L 1

ft 0353.0
L 1  ← 

 

(b) Btu 616.0
kJ 1.0551

Btu 1

J 10

kJ 1
J 506

3
 ← 

 

(c) 
s

lbfft
 596.99

Btu 1

lbfft 78.177

s 3600

h 1

kW 1

Btu/h 4133
kW .1350





← 

 

(d) 
min

lb
 50

min 1

s 60

kg 0.4536

lb 1

g 10

kg 1

s

g
 783

3
 ← 

 

(e) 
2

32

in.

lbf
 09.44

kPa 1

Pa 10

Pa 894.86

lbf/in. 1
kPa 043  ← 

 

(f) 
s

ft
 54.0

s 3600

h 1

m 1

ft .28083

h

m
 55

333

 ← 

 

(g) 
s

ft
 57.45

s 3600

h 1

m 1

ft .28083

km 1

m 01

h

km
 05

3

 ← 

 

(h)  ton1
lbf 2000

 ton1

N .44824

lbf 1
N 8968  ← 
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1.5  Perform the following unit conversions: 

 

(a) L 2
m 01

L 1

cm 10

m 1

in. .0610240

cm 1
in. 122

33-

3

23

3
3  ← 

 

(b) kJ 0551.1
lbfft 37.567

kJ 1
lbfft 78.177 


 ← 

 

(c) kW 57.74
hp 341.1

kW 1
hp 001  ← 

 

(d) 
s

kg
 126.0

lb 2.2046

kg 1

s 3600

h 1

h

lb
 0001  ← 

 

(e) bar 027.2
N/m 10

bar 1

Pa 1

N/m 1

lbf/in. 1

Pa 894.86

in.

lbf
 9.3922

25

2

22
 ← 

 

(f) 
s

m
 18.1

s 60

min 1

ft 1

m .0283170

min

ft
 5002

3

3

33

 ← 

 

(g) 
h

km
 7.120

mile/h 1

km/h .60931

h

mile
 57  ← 

 

(h) N 8896
lbf 1

N .44824

 ton1

lbf 0002
 ton1  ← 
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1.6  Which of the following food items weighs approximately one newton? 

 

a. a grain of rice 

b. a small strawberry 

c. a medium-sized apple 

d. a large watermelon 
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1.7  A person whose mass is 150 lb weights 144.4 lbf.  Determine (a) the local acceleration of 

gravity, in ft/s
2
, and (b) the person’s mass, in lb, and weight, in lbf, if g = 32.174 ft/s

2
. 

 

 

(a) Fgrav = mg → 

 

lbf 1

ft/slb 32.174

lb 150

lbf 4.144 2
grav 


m

F
g = 30.97 ft/s

2
 

 

(b)  Mass value remains the same.  So 

 

Fgrav = mg =
22 ft/slb 32.174

lbf 1

s

ft
174.32lb) 150(










= 150 lbf  
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1.8  The Phoenix with a mass of 350 kg was a spacecraft used for exploration of Mars.  

Determine the weight of the Phoenix, in N, (a) on the surface of Mars where the acceleration of 

gravity is 3.73 m/s
2
 and (b) on Earth where the acceleration of gravity is 9.81 m/s

2
. 

 

KNOWN:  Phoenix spacecraft has mass of 350 kg. 

 

FIND:  (a) Weight of Phoenix on Mars, in N, and (b) weight of Phoenix on Earth, in N. 

 

SCHEMATIC AND GIVEN DATA: 

 

m = 350 kg 

gMars = 3.73 m/s
2
 

gEarth = 9.81 m/s
2
  

 

ENGINEERING MODEL: 

1. Acceleration of gravity is constant at the surface of both Mars and Earth. 

 

ANALYSIS:  Weight is the force of gravity.  Applying Newton’s second law using the mass of 

the Phoenix and the local acceleration of gravity 

 

F = mg 

 

(a)  On Mars, 

 

22 m/skg 1

N 1

s

m
3.73kg) 350(










F = 1305.5 N 

 

(b)  On Earth, 

 

22 m/skg 1

N 1

s

m
81.9kg) 350(










F = 3433.5 N 

 

Although the mass of the Phoenix is constant, the weight of the Phoenix is less on Mars than on 

Earth since the acceleration due to gravity is less on Mars than on Earth. 

 

 







1.11  At the grocery store you place a pumpkin with a mass of 12.5 lb on the produce spring 

scale.  The spring in the scale operates such that for each 4.7 lbf applied, the spring elongates one 

inch.  If local acceleration of gravity is 32.2 ft/s
2
, what distance, in inches, did the spring 

elongate? 

 

KNOWN:  Pumpkin placed on a spring scale causes the spring to elongate. 

 

FIND:  Distance spring elongated, in inches. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1.  Spring constant is 4.7 lbf/in. 

2.  Local acceleration of gravity is 32.2 ft/s
2
. 

 

ANALYSIS: 

The force applied to the spring to cause it to elongate can be expressed as the spring constant, k, 

times the elongation, x.   

F = kx 

 

The applied force is due to the weight of the pumpkin, which can be expressed as the mass (m) of 

the pumpkin times acceleration of gravity, (g). 

 

F = Weight = mg = kx 

 

Solving for elongation, x, substituting values for pumpkin mass, acceleration of gravity, and 

spring constant, and applying the appropriate conversion factor yield 

 

 

2

2

s

ftlb
32.174

lbf 1

in.

lbf
4.7

s

ft
2.32lb 5.12





















k

mg
x  = 2.66 in. 

 

x

m = 12.5 m
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1.17  A communications satellite weighs 4400 N on Earth where g = 9.81 m/s
2
.  What is the 

weight of the satellite, in N, as it orbits Earth where the acceleration of gravity is 0.224 m/s
2
?  

Express each weight in lbf. 

 

KNOWN:  Weight of communications satellite on Earth. 

 

FIND:  Determine weight of the satellite, in N, as it orbits Earth where the acceleration of 

gravity is 0.224 m/s
2
.  Express the satellite weight, in lbf, on Earth and in orbit. 

 

SCHEMATIC AND GIVEN DATA: 

 

WSat(Earth) = 4400 N 

gEarth = 9.81 m/s
2
 

gorbit = 0.224 m/s
2
 

 

ENGINEERING MODEL: 

1. Gravitational acceleration on Earth is constant at 9.81 m/s
2
. 

2. Gravitational acceleration at orbital altitude is constant at 0.224 m/s
2
. 

 

ANALYSIS:  Weight of the satellite is the force of gravity and varies with altitude.  Mass of the 

satellite remains constant.  Applying Newton’s second law to solve for the mass of the satellite 

yields 

 

W = mg → m = W/g 

 

 On Earth, 

m = WSat(Earth)/gEarth 

 

N 1

m/skg 1

s

m
81.9

N) 4400( 2

2











m = 448.5 kg 

 

Solving for the satellite weight in orbit, 

 

WSat(orbit) = mgorbit 

 

22Sat(orbit)
m/skg 1

N 1

s

m
224.0kg) 5.448(










W = 100.5 N 

 

Although the mass of the communications satellite is constant, the weight of the satellite is less at 

orbital altitude than on Earth since the acceleration due to gravity is less at orbital altitude than 

on Earth. 
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To determine the corresponding weights in lbf, apply the conversion factor, 1 lbf = 4.4482 N. 

 

N 4.4482

lbf 1
N) 4400(Sat(Earth) W = 989.2 lbf 

 

N 4.4482

lbf 1
N) 5.100(Sat(orbit) W = 22.6 lbf 

 







1.21  A 2-lb sample of an unknown liquid occupies a volume of 62.6 in.
3
  For the liquid 

determine (a) the specific volume, in ft
3
/lb, and (b) the density, in lb/ft

3
. 

 

KNOWN:  Volume and mass of an unknown liquid sample. 

 

FIND:  Determine (a) the specific volume, in ft
3
/lb, and (b) the density, in lb/ft

3
. 

 

SCHEMATIC AND GIVEN DATA: 

 

m = 2 lb 

V = 62.6 in.
3
 

 

ENGINEERING MODEL: 

1. The liquid can be treated as continuous. 

 

ANALYSIS: 

(a) The specific volume is volume per unit mass and can be determined from the total volume 

and the mass of the liquid  

 

3

33

in. 1728

ft 1

lb 2

in. 662.

m

V
v = 0.0181 ft

3
/lb 

 

(b) Density is the reciprocal of specific volume.  Thus, 

 

lb

ft
0.0181

11

3


v
 = 55.2 lb/ft

3
 

 

 





1.23  The specific volume of 5 kg of water vapor at 1.5 MPa, 440
o
C is 0.2160 m

3
/kg.  Determine 

(a) the volume, in m
3
, occupied by the water vapor, (b) the amount of water vapor present, in 

gram moles, and (c) the number of molecules. 

 

KNOWN:  Mass, pressure, temperature, and specific volume of water vapor. 

 

FIND:  Determine (a) the volume, in m
3
, occupied by the water vapor, (b) the amount of water 

vapor present, in gram moles, and (c) the number of molecules. 

 

SCHEMATIC AND GIVEN DATA: 

 

m = 5 kg 

p = 1.5 MPa 

T = 440
o
C 

v = 0.2160 m
3
/kg 

 

ENGINEERING MODEL: 

1. The water vapor is a closed system. 

 

ANALYSIS: 

(a) The specific volume is volume per unit mass.  Thus, the volume occupied by the water vapor 

can be determined by multiplying its mass by its specific volume.  

 
















kg

m
2160.0)kg 5(

3

vmV = 1.08 m
3
 

 

(b) Using molecular weight of water from Table A-1 and applying the appropriate relation to 

convert the water vapor mass to gram moles gives 

 

kmol 1

moles 1000

kmol

kg
02.81

kg 5




















M

m
n = 277.5 moles 

 

(c) Using Avogadro’s number to determine the number of  molecules yields 

 

moles) 5.277(
mole

molecules
10022.6moles # Number  sAvogadro'Molecules # 23











 

 
# Molecules = 1.671×10

26
 molecules 
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1.27  Three kg of gas in a piston-cylinder assembly undergo a process during which the 

relationship between pressure and specific volume is pv0.5 
= constant.  The process begins with 

p1 = 250 kPa and V1 = 1.5 m
3
 and ends with p2 = 100 kPa.  Determine the final specific volume, 

in m
3
/kg.  Plot the process on a graph of pressure versus specific volume. 

 

KNOWN:  A gas of known mass undergoes a process from a known initial state to a specified 

final pressure.  The pressure-specific volume relationship for the process is given. 

 

FIND:  Determine the final specific volume and plot the process on a pressure versus specific 

volume graph. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1.  The gas is a closed system. 

2.  The system undergoes a polytropic process in which pv0.5 
= constant. 

 

ANALYSIS: 

The final specific volume, v
2
, can be determined from the polytropic process equation 

 

p
1
v

1

0.5
= p

2
v

2

0.5
 

 

Solving for v
2
 yields 

v
2
 = 

5.0

1

2

1
1 









p

p
v  

 

Specific volume at the initial state, v1, can be determined by dividing the volume at the initial 

state, V1, by the mass, m, of the system 

 

v
1
 = 

kg 3

m 1.5 3

1 
m

V
= 0.5 m

3
/kg 

GasGas

State 1 State 2

m1 = 3 kg

p1 = 250 kPa

V1 = 1.5 m3

pv0.5 = constant

Process 1→ 2

m2 = 3 kg

p2 = 100 kPa
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Substituting values for pressures and specific volume yields 

 

v
2
 = 

5.0

1
3

kPa 100

kPa 250

kg

m
5.0 
















 = 3.125 m

3
/kg 

 

The volume of the system increased while pressure decreased during the process. 

 

A plot of the process on a pressure versus specific volume graph is as follows: 

 

 
 

 

 

Pressure versus Specific Volume

100

120

140

160

180

200

220

240

260

0.50 1.00 1.50 2.00 2.50 3.00 3.50

Specific Volume (m^3/kg)

P
re

ss
u

re
 (

k
P

a
)
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1.28  A closed system consisting of 4 lb of a gas undergoes a process during which the relation 

between pressure and volume is pV
n
 = constant.  The process begins with p1 = 15 lbf/in.

2
, v1 = 

1.25 ft
3
/lb and ends with p2 = 53 lbf/in.

2
, v2 = 0.5 ft

3
/lb.  Determine (a) the volume, in ft

3
, 

occupied by the gas at states 1 and 2 and (b) the value of n. (c) Sketch Process 1-2 on pressure-

volume coordinates. 

 

KNOWN:  Gas undergoes a process from a known initial pressure and specific volume to a 

known final pressure and specific volume. 

 

FIND:  Determine (a) the volume, in ft
3
, occupied by the gas at states 1 and 2 and (b) the value 

of n. (c) Sketch Process 1-2 on pressure-volume coordinates. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1. The gas is a closed system. 

2. The relation between pressure and volume is pV
n
 = constant during process 1-2. 

 

ANALYSIS: 

(a) The specific volume is volume per unit mass.  Thus, the volume occupied by the gas can be 

determined by multiplying its mass by its specific volume.  

 

V = mv 

For state 1 
















lb

ft
25.1)lb 4(

3

11 vmV = 5 ft
3
 

For state 2 
















lb

ft
5.0)lb 4(

3

22 vmV = 2 ft
3
 

State 1 State 2

m = 4 lb

p1 = 15 lbf/in.2

v1 = 1.25 ft3/lb

p2 = 53 lbf/in.2

v2 = 0.5 ft3/lb

Gas

Gas
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(b) The value of n can be determined by substituting values into the relationship: 

 

p
1
(V

1
)
n
 = constant = p

2
(V

2
)
n
 

 

Solving for n 
n

V

V

p

p










1

2

2

1  

 



















1

2

2

1 lnln
V

V
n

p

p
 

 



















































3

3

2

2

1

2

2

1

ft 5

ft 2
ln

lbf/in. 35

lbf/in. 15
ln

ln

ln

V

V

p

p

n = 1.38 

 

(c) Process 1-2 is shown on pressure-volume coordinates below: 

 

 
 

0

10

20

30

40

50

60

0 1 2 3 4 5 6

P
re

ss
u

re
 (

lb
f/

in
.2

)

Volume (ft3)
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1.31  A gas contained within a piston-cylinder assembly undergoes four processes in series: 

 

Process 1-2:  Constant-pressure expansion at 1 bar from V
1
 = 0.5 m

3
 to V

2
 = 2 m

3
 

 

Process 2-3:  Constant volume to 2 bar 

 

Process 3-4:  Constant-pressure compression to 1 m
3
 

 

Process 4-1:  Compression with pV
−1

 = constant 

 

Sketch the process in series on a p-V diagram labeled with pressure and volume values at each 

numbered state. 

 

 

 

 
 

p (bar)

V (m3)

• •

•

1 2

3•4

1

2

1 20.5
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1.36  Liquid kerosene flows through a Venturi meter, as shown in Fig. P1.36.  The pressure of 

the kerosene in the pipe supports columns of kerosene that differ in height by 12 cm. Determine 

the difference in pressure between points a and b, in kPa.  Does the pressure increase or decrease 

as the kerosene flows from point a to point b as the pipe diameter decreases?  The atmospheric 

pressure is 101 kPa, the specific volume of kerosene is 0.00122 m
3
/kg, and the acceleration of 

gravity is g = 9.81 m/s
2
. 

 

KNOWN:  Kerosene flows through a Venturi meter. 

 

FIND:  The pressure difference between points a and b, in kPa and whether pressure increases or 

decreases as the kerosene flows from point a to point b as the pipe diameter decreases. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1.  The kerosene is incompressible. 

2.  Atmospheric pressure is exerted at the open end of the fluid columns. 

 

ANALYSIS: 

Equation 1.11 applies to both columns of fluid (a and b).  Let hb be the height of the fluid above 

point b.  Then hb + L is the height of the fluid above point a.  Applying Eq. 1.11 to each column 

yields 

 

pa = patm + g(hb + L) = patm + ghb + gL 

 

and 

 

pb = patm + ghb 

 

Thus, the difference in pressure between point a and point b is 

 

p = pb – pa = (patm + ghb) – (patm + ghb + gL) 

 

p = –gL 

  

L = 12 cm

Kerosene

v = 0.00122 kg/m3

patm = 101 kPa

g = 9.81 m/s2

a
• •

b
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Density of kerosene is the reciprocal of its specific volume 

 

 = 1/v = 1/0.00122 m
3
/kg = 820 kg/m

3
 

 

Solving for the difference in pressure yields 

 

22

23

m

N
1000

kPa 1

cm 100

m 1

s

mkg
1

N 1
cm) 12(

s

m
81.9

m

kg
820


















p = −0.965 kPa 

 

Since points a and b are at the same elevation in the flow, the difference in pressure is indicated 

by the difference in height between the two columns.  The negative sign indicates pressure 

decreases as the kerosene flows from point a to point b as the pipe diameter decreases. 
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1.37  Figure P1.37 shows a tank within a tank, each containing air.  Pressure gage A, which 

indicates pressure inside tank A, is located inside tank B and reads 5 psig (vacuum).  The U-tube 

manometer connected to tank B contains water with a column length of 10 in.  Using data on the 

diagram, determine the absolute pressure of the air inside tank B and inside tank A, both in psia.  

The atmospheric pressure surrounding tank B is 14.7 psia.  The acceleration of gravity is g = 

32.2 ft/s
2
. 

 

KNOWN:  A tank within a tank, each containing air. 

 

FIND:  Absolute pressure of air in tank B and in tank A, both in psia. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1.  The gas is a closed system. 

2.  Atmospheric pressure is exerted at the open end of the manometer. 

3.  The manometer fluid is water with a density of 62.4 lb/ft
3
. 

 

ANALYSIS: 

(a) Applying Eq. 1.11 

 

pgas,B = patm + gL 

 

where patm is the local atmospheric pressure to tank B,  is the density of the manometer fluid 

(water), g is the acceleration due to gravity, and L is the column length of the manometer fluid.  

Substituting values 

3

3

2

232Bgas,
in. 1728

ft 1

s

ftlbm
32.2

lbf 1
in.) 10(

s

ft
2.32

ft

lb
4.62

in.

lbf
7.14

















p = 15.1 lbf/in.

2
 

Tank A

Gage A

Tank B

L = 10 in.

Water ( = 62.4 lb/ft3)

g = 32.2 ft/s2

patm = 14.7 psia

pgage, A = 5 psig (vacuum)
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Since the gage pressure of the air in tank A is a vacuum, Eq. 1.15 applies. 

 

p(vacuum) = patm(absolute) – p(absolute) 

 

The pressure of the gas in tank B is the local atmospheric pressure to tank A.  Solving for p 

(absolute) and substituting values yield 

 

p(absolute) = patm(absolute) – p(vacuum) = 15.1 psia – 5 psig = 10.1 psia   

 





1.39  Show that a standard atmospheric pressure of 760 mmHg is equivalent to 101.3 kPa.  The 

density of mercury is 13,590 kg/m
3
 and g = 9.81 m/s

2
. 

 

KNOWN:  Standard atmospheric pressure of 760 mmHg. 

 

FIND:  Show that 760 mmHg is equivalent to 101.3 kPa. 

 

SCHEMATIC AND GIVEN DATA: 
 

 
 

 

ENGINEERING MODEL: 

1. Local gravitational acceleration is 9.81 m/s
2
. 

2. Pressure of mercury vapor is much less than that of the atmosphere and can be neglected. 

 

ANALYSIS: 

Equation 1.12 applies.  

 

patm = pvapor + 
Hg

gL = 
Hg

gL 

 

Neglecting the pressure of mercury vapor and applying appropriate conversion factors yield 

 

22

23atm

m

N
1000

kPa 1

mm 1000

m 1

s

mkg
1

N 1
mm) 760(

s

m
81.9

m

kg
590,13


















p = 101.3 kPa 

 

 

 

 

 

L = 760 mm
Hg = 13,590 kg/m3

Mercury (Hg)

Mercury vapor
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1.41 As shown in Figure P1.41, air is contained in a vertical piston-cylinder assembly such 

that the piston is in static equilibrium.  The atmosphere exerts a pressure of 14.7 lbf/in.
2
 on top of 

the 6-in.-diameter piston.  The absolute pressure of the air inside the cylinder is 16 lbf/in.
2
  The 

local acceleration of gravity is g = 32.2 ft/s
2
.  Determine (a) the mass of the piston, in lb, and (b) 

the gage pressure of the air in the cylinder, in psig. 

 

KNOWN:  A piston-cylinder assembly contains air such that the piston is in static equilibrium. 

 

FIND:  (a) The mass of the piston, in lb, and (b) the gage pressure of the air in the cylinder, in 

psig. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1. The air is a closed system. 

2. The piston is in static equilibrium. 

3. Atmospheric pressure is exerted on the top of the piston. 

4. Local gravitational acceleration is 32.2 ft/s
2
. 

 

ANALYSIS: 

(a) Draw a free body diagram indicating all forces acting on the piston.  Taking upward as the 

positive y-direction, the sum of the forces acting on the piston in the y-direction must equal zero 

for static equilibrium of the piston. 

                                                                                                    Free Body Diagram 

0 yF
 

 

pAirApiston – patmApiston – mpistong = 0 

 

Solving for the mass of the piston, 

 

g

pp
m

pistonatmpistonAir
piston

AA 


 

 

 

pAir = 16 lbf/in.2

Air

Dpiston = 6 in.

patm = 14.7 lbf/in.2

g = 32.2 ft/s2

patmApiston

mpistong

pAirApiston

y
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g

pp
m

pistonatmAir
piston

A
  

 

The area of the piston is determined from the piston diameter 

 

22
piston in.) 6(

44
A


 D = 28.3 in.

2
 

 

Substituting values and solving for the mass of the piston, 

 

 
lbf 1

s

ftlb
2.32

s

ft
2.32

in. 28.3
in.

lbf
14.7

in.

lbf
16

2

2

2
22

piston












m = 36.8 lb 

 

(b) Gage pressure of the air is given by Eq. 1.14 

 

p(gage) = p(absolute) – patm(absolute) = 16.0 psia – 14.7 psia = 1.3 psig 
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1.42  Air is contained in a vertical piston-cylinder assembly such that the piston is in static 

equilibrium.  The atmosphere exerts a pressure of 101 kPa on top of the 0.5-meter-diameter 

piston.  The gage pressure of the air inside the cylinder is 1.2 kPa.  The local acceleration of 

gravity is g = 9.81 m/s
2
.  Subsequently, a weight is placed on top of the piston causing the piston 

to fall until reaching a new static equilibrium position.  At this position, the gage pressure of the 

air inside the cylinder is 2.8 kPa.  Determine (a) the mass of the piston, in kg, and (b) the mass of 

the added weight, in kg. 

 

KNOWN:  A piston-cylinder assembly contains air such that the piston is in static equilibrium.  

Upon addition of a weight, the piston falls until reaching a new position of static equilibrium. 

 

FIND:  (a) The mass of the piston, in kg, and (b) the mass of the added weight, in kg. 

 

SCHEMATIC AND GIVEN DATA: 

 

Part (a) Part (b) 

  
 

 

ENGINEERING MODEL: 

1. The air is a closed system. 

2. The piston is in static equilibrium for both part (a) and part (b). 

3. Atmospheric pressure is exerted on the top of the piston. 

4. Local gravitational acceleration is 9.81 m/s
2
. 

 

ANALYSIS: 

(a) Draw a free body diagram indicating all forces acting on the piston.  Taking upward as the 

positive y-direction, the sum of the forces acting on the piston in the y-direction must equal zero 

for static equilibrium of the piston. 

  

Air

Apiston = 0.5 m2

patm = 101 kPa

g = 9.81 m/s2

pAir = 1.2 kPa (gage)

Air

patm = 101 kPa

g = 9.81 m/s2

Weight

Apiston = 0.5 m2

pAir = 2.8 kPa (gage)
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                                                                                                    Free Body Diagram 

0 yF
 

 

pAirApiston – patmApiston – mpistong = 0 

 

Solving for the mass of the piston, 

 

g

pp
m

pistonatmpistonAir
piston

AA 


 

 

 

 

g

pp
m

pistonatmAir
piston

A
  

 

From Eq. 1.14, the quantity in parenthesis is the gage pressure of the air in the cylinder.  

Rewriting the equation above 

 

g

p
m

pistonAir(gage)
piston

A
  

 

Substituting values and solving for the mass of the piston, 

 

  
N 1

s

mkg
1

kPa 1
m

N
1000

s

m
81.9

m 0.5kPa 1.2 22

2

2

piston



m = 61.2 kg 

  

patmApiston

mpistong

pAirApiston

y



 3 

 

(b) Draw a second free body diagram indicating all forces acting on the piston including the 

newly added weight expressed as the product of its mass and gravitational acceleration.  Taking 

upward as the positive y-direction, the sum of the forces acting on the piston in the y-direction 

must equal zero for static equilibrium of the piston. 

                                                                                                    Free Body Diagram 

0 yF
 

 

pAirApiston – patmApiston – mpistong – mweightg = 0 

 

Solving for the mass of the weight, 

 

piston
pistonatmpistonAir

weight

AA
m

g

pp
m 




 

 

 

 
piston

pistonatmAir
weight

A
m

g

pp
m 


  

 

From Eq. 1.14, the quantity in parenthesis is the gage pressure of the air in the cylinder.  

Rewriting the equation above 

 

piston
pistonAir(gage)

weight

A
m

g

p
m   

 

Substituting values and solving for the mass of the weight, 

 

  
kg 2.61

N 1

s

mkg
1

kPa 1
m

N
1000

s

m
81.9

m 0.5kPa 2.8 22

2

2

weight 



m = 81.5 kg 

 

 

 

 

 

patmApiston

mpistong

pAirApiston

ymweightg









 1 

1.46  As shown in Figure P1.46, an inclined manometer is used to measure the pressure of the 

gas within the reservoir.  (a) Using data on the figure, determine the gas pressure, in lbf/in.
2
 (b) 

Express the pressure as a gage or a vacuum pressure, as appropriate, in lbf/in.
2
 (c) What 

advantage does an inclined manometer have over the U-tube manometer shown in Figure 1.7? 

 

KNOWN:  A gas contained in a reservoir with inclined manometer attached. 

 

FIND:  (a) Pressure of gas within the reservoir, in lbf/in.
2
  (b) Pressure expressed as gage or 

vacuum pressure, as appropriate, in lbf/in.
2
  (c) Advantage of inclined manometer over the U-

tube manometer. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1.  The gas is a closed system. 

2.  Atmospheric pressure is exerted at the open end of the manometer. 

3.  The manometer fluid is oil with a density of 54.2 lb/ft
3
. 

 

ANALYSIS: 

(a) Applying Eq. 1.11 

 

pgas = patm + gL 

 

where patm is the local atmospheric pressure,  is the density of the manometer fluid (oil), g is the 

acceleration due to gravity, and L is the vertical difference in liquid levels.  Since level a is the 

same as level b, applying trigonometry to determine the vertical difference in liquid levels 

between level b and the liquid level at the free surface with the atmosphere yields 

 

pgas = patm + gL(sin 40
o
) 

 

Substituting values 

 

• •

•
Gas

Oil ( = 54.2 lb/ft3)

patm = 14.7 lbf/in.2

g = 32.2 ft/s2

40o

15 in.a b



 2 

3

3

2

22 in. 1728

ft 1

s

ftlbm
32.2

lbf 1
)40in.)(sin  15(

s

ft
2.32

ft

lb
2.54

in.

lbf
7.14



















gasp = 15.0 lbf/in.

2
 

 

 

(b) Since the pressure of the gas is greater than atmospheric pressure, gage pressure is given by 

Eq. 1.14 

 

p(gage) = p(absolute) – patm(absolute) = 15.0 psia – 14.7 psia = 0.3 psig 

 

(c) The advantage of the inclined manometer is its easier readability since the surface of the 

liquid is wider than with a same diameter U-tube manometer.  The scale on the inclined 

manometer is much more precise since more graduations are possible compared with the U-tube 

manometer. 



 3 

Substituting values for pressures and specific volume yields 

 

v2 = 
5.0

1
3

kPa 100

kPa 250

kg

m
5.0 
















 = 3.125 m

3
/kg 

 

The volume of the system increased while pressure decreased during the process. 

 

A plot of the process on a pressure versus specific volume graph is as follows: 

 

 
 

 

 

Pressure versus Specific Volume

100
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140
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P
re
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u
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k
P

a
)









1.52  Water in a swimming pool has a temperature of 24
o
C.  Express this temperature in K, 

o
F, 

and 
o
R. 

 

KNOWN:  Water is at a specified temperature in 
o
C. 

 

FIND:  Equivalent temperature in K, 
o
F, and 

o
R. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

 

ANALYSIS: 

First convert temperature from 
o
C to K by rearranging Eq. 1.17 to solve for temperature in K 

 

T(
o
C) = T(K) – 273.15      →      T(K) = T(

o
C) + 273.15 

   

Twater (K) = 24
o
C + 273.15 = 297.15 K 

 

 

Next apply Eq. 1.16 to solve for temperature in 
o
R 

 

T(
o
R) = 1.8T(K) 

 

Twater (
o
R) = (1.8)(297.15 K) = 534.87

 o
R 

 

 

Finally, apply Eq. 1.18 to solve for temperatures in 
o
F 

 

T(
o
F) = T(

o
R) – 459.67 

 

Twater (
o
F) = 534.87

 o
R – 459.67 = 75.2

o
F 

 

 

 

T = 24oC



1.53  A cake recipe specifies an oven temperature of 350
o
F.  Express this temperature in 

o
R, K, 

and 
o
C. 

 

KNOWN:  Oven temperature is specified in 
o
F. 

 

FIND:  Equivalent temperature in 
o
R, K, and 

o
C. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

 

ANALYSIS: 

First convert temperature from 
o
F to 

o
R using Eq. 1.18 to solve for temperature in 

o
R 

 

T(
o
F) = T(

o
R) – 459.67 → T(

o
R) = T(

o
F) + 459.67 

 

Toven (
o
R) = 350

o
F + 459.67 = 809.67

o
R 

 

 

Next apply Eq. 1.16 to solve for temperature in K 

 

T(
o
R) = 1.8T(K) → T(K) = T(

o
R)/1.8 

 

Toven (K) = 809.67
o
R/1.8 = 449.82 K 

 

 

Finally, apply Eq. 1.17 to solve for temperature in 
o
C 

 

T(
o
C) = T(K) – 273.15 

   

Toven (
o
C) = 449.82 K – 273.15 = 176.67

o
C 

 

 

T = 350oF





1.56  Left for independent study using the Internet. 



 1 

1.57  Air temperature rises from a morning low of 42
o
F to an afternoon high of 70

o
F.   

(a)  Express these temperatures in 
o
R, K, and 

o
C. 

(b)  Determine the temperature change in 
o
F, 

o
R, K, and 

o
C from morning low to afternoon high.    

(c)  What conclusion do you draw about temperature change for 
o
F and 

o
R scales? 

(d)  What conclusion do you draw about temperature change for 
o
C and K scales? 

 

KNOWN:  Morning low temperature and afternoon high temperature, both in 
o
F. 

 

FIND:  (a) Express these temperatures in 
o
R, K, and 

o
C, (b) temperature change in 

o
F, 

o
R, K, and 

o
C from morning low to afternoon high, (c) conclusion about temperature change for 

o
F and 

o
R 

scales, (d) conclusion about temperature change for 
o
C and K scales. 

 

SCHEMATIC AND GIVEN DATA: 

 

Tlow = 42
o
F 

Thigh = 70
o
F  

 

ANALYSIS: 

(a) First convert temperatures from 
o
F to 

o
R using Eq. 1.18 to solve for temperatures in 

o
R 

 

T(
o
F) = T(

o
R) – 459.67 → T(

o
R) = T(

o
F) + 459.67 

 

Tlow (
o
R) = 42

 o
F + 459.67 = 501.67

o
R 

 

Thigh (
o
R) = 70

 o
F + 459.67 = 529.67

o
R 

 

Next apply Eq. 1.16 to solve for temperature in K 

 

T(
o
R) = 1.8T(K) → T(K) = T(

o
R)/1.8 

 

Tlow (K) = 501.67
o
R/1.8 = 278.71 K 

 

Thigh (K) = 529.67
o
R/1.8 = 294.26 K 

 

Finally, apply Eq. 1.17 to solve for temperature in 
o
C 

 

T(
o
C) = T(K) – 273.15 

   

Tlow (
o
C) = 278.71 K – 273.15 = 5.56

o
C 

  

Thigh (
o
C) = 294.26 K – 273.15 = 21.11

o
C 

  

(b)  Temperature change, T, is Thigh – Tlow.  Calculating the differences yields 

 

T(
o
F) = 70

o
F – 42

o
F = 28

o
F 

 



 2 

T(
o
R) = 529.67

o
R – 501.67

o
R = 28

o
R 

   

T(K) = 294.26 K – 278.71 K = 15.55 K 

 

T(
o
C) = 21.11 

o
C – 5.56 

o
C = 15.55

o
C 

 

(c)  For 
o
F and 

o
R scales, the temperature change is the same since a Rankine degree and a 

Fahrenheit degree are the same temperature unit. 

 

(d)  For 
o
C and K scales, the temperature change is the same since a Kelvin degree and a Celsius 

degree are the same temperature unit.  

 



1.58  Left for independent study using the Internet. 



 



Problem 2.2 

 

Determine the gravitational potential energy, in kJ, of 2 m
3
 of liquid water at an elevation of     

30 m above the surface of Earth.  The acceleration of gravity is constant at 9.7 m/s
2
 and the 

density of the water is uniform at 1000 kg/m
3
.  Determine the change in gravitational potential 

energy as the elevation decreased by 15 m. 

 

KNOWN:  The elevation of a known quantity of water is decreased from a given initial value by 

a given amount. 

 

FIND:  Determine the initial gravitational potential energy and the change in gravitational 

potential energy. 

 

SCHEMATIC AND GIVEN DATA: 

 

ENGINERING MODEL: 

(1) The water is a closed system.  (2) The acceleration of 

gravity is constant. (3) The density of water is uniform. 

 

ANALYSIS:  The initial gravitational potential energy is 

 

                  
 

               
  

             
 

          
   

     
 

  

  
    

      
  

 

          = 582 kJ  

 

The change in potential energy is  

 

                    
 

                
  

       
 

           
   

     
 

  

  
    

      
  

 

                     = -291 kJ 

 

 

 

 

 

z1 = 30 m 

V = 2 m
3
 

g = 9.7 m/s
2
 

ρ = 1000 kg/m
3
 

 

Δz = - 15 m 



 



Problem 2.4 

 

A construction crane weighing 12,000 lbf fell from a height of 400 ft to the street below during a 

severe storm.  For g = 32.05 ft/s
2
, determine mass, in lb, and the change in gravitational potential 

energy of the crane, in ft∙lbf. 

 

KNOWN: A crane of known weight falls from a known elevation to the street below. 

 

FIND:  Determine the change in gravitational potential energy of the crane. 

 

SCHMATIC AND GIVEN DATA:   

                                                                                       

 
ENGINEERING MODEL:  (1) The crane is the closed system.  (2) The acceleration of gravity 

is constant. 

 

ANALYSIS:   

 

To get the mass, note that Fgrrav = mg.  Thus 

 

   
     

 
  

         

           
 
               

     
  = 12,046 lb 

 

The change in gravitational potential energy is 

 

                                                               

 

 

 

z1 = 400 ft 

Fgrav = 12,000 lbf 

g = 32.05 ft/s
2
 

 

z2 = 0 



Problem 2.5 

 

A automobile weighing 2500-lbf increases its gravitational potential energy by 2.25 x 10
4
 Btu in 

going from an elevation of 5,183 ft in Denver to the highest elevation on Trail Ridge road in the 

Rocky Mountains.  What is the elevation at the high point of the road, in ft? 

 

KNOWN:  An automobile of known weight increases its gravitational potential energy by a 

given amount.  The initial elevation is known. 

 

FIND:  Determine the final elevation. 

  

 

                                     
ENGINEERING MODEL:  (1) The automobile is the closed system.   (2)  The acceleration of 

gravity is constant. 

 

ANALYSIS:  The change in gravitational potential energy is: ΔPE = mg(z2 – z1).  With  

Fgrav = mg, we get 

 

 ΔPE = Fgrav(z2 – z1) 

 

Solving for z2 

 

    
   

     
     

                

          
 
          

     
  + 5183 ft = 12,185 ft 

z1 = 5183 ft 

z2 = ? 

Fgrav = 2500 lbf 

ΔPE = 2.25 x 10
4
 Btu 



 



 



 



 



Problem 2.10 

 

An object whose mass is 300 lb experiences changes in kinetic and potential energies owing to 

the action of a resultant force R.  The work done on the object by the resultant force is 140 lbf.  

There are no other interactions between the object and its surroundings.  It the object’s elevation 

increases by 100 ft and its final velocity is 200 ft/s, what is the initial velocity, in ft/s?  Let g = 

32.2 ft/s
2
. 

 

KNOWN:  An object of known mass experiences changes in kinetic and potential energy due to 

the action of a resultant force.  The final velocity, the change in elevation, and the work done by 

the force are given. 

 

FIND:  Determine the final velocity. 

 

SCHEMATIC AND GIVEN DATA:   

 

ENGINEEIRNG MODEL:  (1) The object is a closed 

system.  (2) The force of gravity acts on the object, and  

g = 32.2 ft/s
2
.  (3) The resultant force accounts for all  

interactions between the system and its surroundings. 

 

ANALYSIS: By modeling assumption (3), the work of the resultant force must equal the sum of 

the changes in kinetic and gravitational potential energies.  Thus, with Eq. 2.9 

 

 Work = ½ m(  
    

 ) + mg(z2 – z1) 

 

Solving for   
  and inserting values 

 

   
   

                 

 
 +   

  

First 

           mg(z2 – z1) = (300 lb)(32.2 ft/s
2
)(100 ft) 

     

              
  

     

          
  = 38.6 Btu 

So 

   
   

              

        
  

          

     
  

             

      
  + 200

2
 ft

2
/s

2
 = 23065 ft

2
/s

2
 

or 

  1  V1 = 151.9 ft/s 

 

1. The increase in velocity reflects the increase in kinetic energy of the object as a result of 

energy transferred to it by the work of the resultant force.  Carefully observe that in Eq. 2.9 the 

work of the resultant force acting on the body is positive. 

 

 

 

 

m = 300 lb 

V2 = 200 ft/s 

z2 – z1 = +100 ft 

g = 32.2 ft/s
2
 

 

 

 Work done by resultant force = 140 Btu 

 

 

R 

 

 



 



 



 



Problem 2.13 

 

Two objects having different masses are propelled vertically from the surface of Earth, each with 

the same initial velocities.  Assuming the objects are acted upon only by the force of gravity, 

show that they reach zero velocity at the same height.   

 

KNOWN: Two objects are propelled upward from the surface of Earth with the same initial 

velocities and are acted upon only by the force of gravity. 

 

FIND:  Show that the reach zero velocity at the same height. 

 

SCHEMATIC AND GIVEN DATA:   

 

ENGINEERING MODEL:  (1) Each object is a closed system. 

(2)  The acceleration of gravity is constant.  (3) The only force  

acting is the force of gravity. 

 

ANALYSIS:  For an object moving vertically under the  

influence of gravity only, Eq. 2.11 applies 

 

 
 

 
     

    
               

 

For V2 = 0 and z1 = 0 

 

  
 

 
   

         

Thus 

 

      
     

 

Since the final height doesn’t depend on mass, both objects will reach zero velocity at the same 

final height. 

z1 = 0 

z2 

m1 m2 

V1 V1 

V2 = 0 



Problem 2.14 

 

An object whose mass is 100 lb falls freely under the influence of gravity from an initial 

elevation of 600 ft above the surface of Earth.  The initial velocity is downward with a 

magnitude of 50 ft/s.  The effect of air resistance is negligible.  Determine the velocity, in ft/s, of 

the object just before it strikes Earth.  Assume g = 31.5 ft/s
2
.   

 

KNOWN:  An object of known mass falls freely from a known elevation and with a given initial 

velocity.  The only force acting is the force of gravity. 

 

FIND:  Determine the velocity of the object just before it strikes Earth. 

 

SCHEMATIC AND GIVEN DATA:   

 

ENGINEERING MODEL:  (1) The object is a closed system.   

(2) The acceleration of gravity is constant.  (3) The only force 

acting on the object is the force of gravity. 

 

ANALYSIS: Since the only force acting on the object is the force of 

gravity, Eq. 2.11 applies.  Thus 

 

 
 

 
    

    
               

 

Solving for V2 

 

       
       

 

Inserting values 

 

        
   

  
       

  

  
                      

 

1.  Note that the mass cancels out.  Any object falling freely under the influence of gravity, with 

no effects of air resistance, would reach the same final velocity. 

  

 

 

 

 

 

 

z1 = 600 ft 

V1 = 50 ft/s 

m = 100 lb 

g = 31.5 ft/s
2
 

z2 = 0  

0 V2  
1 



 



 



 



 



Problem 2.18 

 

An object initially at an elevation of 5 m relative to Earth’s surface and with a velocity of 50 m/s 

is acted on by an applied force R and moves along a path.  Its final elevation is 20 m and its 

velocity is 100 m/s.  The acceleration of gravity is 9.81 m/s
2
.  Determine the work done on the 

object by the applied force, in kJ.    

 

KNOWN:  An object moves along a path due to the action of an applied force.  The elevation 

and velocities are known initially and finally. 

 

FIND:  Determine the work of the applied force. 

 

SCHEMATIC AND GIVEN DATA: 

 

ENGINEERING MODEL:  (1) The object is a closed 

system.  (2) R is the only force acting on the object other 

than the force of gravity.  (3) g = 9.81 m/s
2
 and is constant. 

 

 

ANALYSIS:  To find the work of force R we use 

 

 Work =       
 

 
    

    
            

 

 
 

 

Inserting values and converting units 

 

      
 

 
                 

  

  
             

 

  
          

   

         
  

    

      
  

 

          =  187.5 + 7.36 = 194.9 kJ 

 

m = 50 kg 

V1 = 50 m/s 

V2 = 100 m/s 

z  

z2 = 20 m 

z1 = 5 m 

R 



Problem 2.19 

 

An object of mass 10 kg, initially at rest, experiences a constant horizontal acceleration of 4 m/s
2
 

due to the action of a resultant force applied for 20 s.  Determine the total amount of energy 

transfer by work, in kJ. 

 

KNOWN:   

A system of known mass experiences a constant horizontal acceleration due to an applied force 

for a specified length of time. 

 

FIND: Determine the amount of energy transfer by work. 

 

SCHEMATIC AND GIVEN DATA:   

 

ENGINEERING MODEL:  (1) The object is a closed system. 

(2) The horizontal acceleration is constant. 

 

ANALYSIS:  The work of the resultant force is determined using Eq. 2.6 

 

       
 

 
    

    
  

  

  
 

 

To find V2, use the fact that the acceleration is constant 

 

 Ax =  
  

  
       → dV = axdt →    

  

  
    

  

  
   

 

or 

 (V2 – V1) = ax(t2 – t1) = axΔt 

Thus 

 V2 = (4 m/s
2
) (20 s) = 80 m/s 

 

Finally, the work of the resultant force is 

 

       
 

 
   

   

  
 

 

                             
 

 
            

  

   
   

           
    

      
   = 32 kJ  

 

 

 

Fx 

x 

m = 10 kg 

ax = 4 m/s
2
 

Δt = 20 s 

V1 = 0 

0 

0 



 



 

  



 



Problem 2.23 

 

The two major forces opposing the motion of a vehicle are the rolling resistance of the tires, Fr, 

and the aerodynamic drag force of the air flowing around the vehicle, Fd, given respectively by 

 

  Fr = fW,   Fd = CdA(1/2)ρV
2
 

 

where f  and Cd are constants known as rolling resistance and drag coefficient, respectively,  W 

and A are the vehicle weight and projected frontal area, respectively, V is the vehicle velocity, , 

and ρ is the air density.  For a popular gasoline hybrid car with W = 3040 lbf, A = 6.24 ft
2
 and Cd 

= 0.25, when f = 0.02 and ρ= 0/08 lb/ft
3
. 

(a) determine the power required, in hp, to overcome rolling resistance and aerodynamic drag 

when V is 55 mph. 

(b)  plot versus vehicle velocity ranging from 0 to 90 mi/h (i) the power to overcome rolling 

resistance, (ii) the power to overcome aerodynamic drag, and (iii) the total power, all in hp. 

What implications for vehicle fuel economy can be deduced from the results of part (b)? 

 

KNOWN: The drag force and the force associated with rolling resistance are known as functions 

of variables associated with a vehicle in motion. 

 

FIND:  (a) Determine the power required to overcome drag and rolling resistance when the 

vehicle is moving at 55 mi/h. (b) Plot the quantities of part (a) and their sum versus vehicle 

velocity ranging from 0 to 90 mi/h.  Discuss implications for fuel economy.  

 

SCHMATIC AND GIVEN DATA:   ENGINEERING MODEL:  The vehicle is 

the closed system. 

 

 

                    
 

ANALYSIS:  Applying Eq. 2.13, the power, in hp, required to overcome aerodynamic drag is 

 

  
        

 

 
          

 

 
       

 

       
 

 
                     

  

   
   

  

 
 
       

    
  

   

      
  

 

 
     

             
  

    

            
   

      = 1.11 x 10
-5

 [V
3
] (where V is in mi/h)            

 

The power, in hp, required to overcome rolling resistance is 

 

 

 

 

  W  = 3040 lbf 

A = 6.24 ft
2
 

Cd = 0.25 

f = 0.01 
ρ = 0.08 lb/ft

3
 

(*) 



Problem 2.23 (Continued) – Page 2 

         

  
          W   

 

                          
  

 
 
       

    
  

   

      
   

    

            
            

  

 
       (**)                     

 

(a)  When V = 55 mi/h, we get 

   
 = 1.847 hp 

   
  = 4.461 hp 

   
      = 6.308 hp 

 

 

(b)  The plots are developed by letting V vary from 0 to 90 mi/h: 

 

 
 

We see from the plots that up to about 87 mi/h, the power required to overcome rolling resistance 

exceeds the power to overcome aerodynamic drag.  However, the total power required increases 

dramatically with velocity.  The aerodynamic drag varies as the cube of velocity, so it increases 

rapidly and contributes much more significantly as speed increases.  The total power required by 

the engine increases about 5-fold from 30 mi/h to 90mi/h.  Since the power is developed by the 

engine from fuel stored on board the vehicle, high-speed driving has a significant negative effect 

on fuel consumption.   
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PROBLEM 2.24 



 

 

PROBLEM 2.24 (Cont’d) 



 

 

  

PROBLEM 2.25 



 

 

PROBLEM 2.25 (Cont’d) 



 

 

 

PROBLEM 2.26 



Problem 2.27 

 

Carbon dioxide (CO2) gas within a piston-cylinder assembly undergoes a process from a state 

where p1 = 5 lbf/in.
2
, V1 = 2.5 ft

3
 to a state where p2 = 20 lbf/in.

2
, V2 = 0.5 ft

3
.  The relationship 

between pressure and volume during the process is given by p = 23.75 – 7.5V, where V is in ft
3
 

and p is in lbf/in.
2
  Determine the work for the process, in Btu. 

 

KNOWN: CO2 gas within a piston-cylinder assembly undergoes a process where the p-V 

relation is given.  The initial and final states are specified. 

 

FIND:  Determine the work for the process. 

 

SCHEMATIC AND GIVEN DATA:                                                                                                                             

 
 

 

ANALYSIS:  The given p-V relation can be used with Eq. 2.17 as follows: 

 

                      
  

  

  

  

         
     

 
 
  

  

              
   

 
   

    
   

         
   

    
  

        

     
               

   

 

        

   
  

        

     
                   

 

     = -3600 ft∙lbf 

 

     =                 
     

          
             (negative sign denotes energy transfer in.) 

 

Alternative Solution 

Since the p-V relation is linear, W can also be evaluated geometrically as the area under the 

process line: 

 

               
     

 
          

    

 
 

   

   
 
       

     
              

     

          
  

     =  -4.63 Btu 

V (ft̂ 3)
32.521.510.50

p
 (

lb
f/

in
^2

)
25

20

15

10

5

0

. 

. 1 W 

2 

CO2 

p1 = 5 lbf/in.
2
 

V1 = 2.5 ft
3
 

 

p2 = 20 lbf/in.
2
 

V2 = 0.5 ft
3
 

p = 23/75 – 7.5 V 

ENGINEERING MODEL:  (1) The CO2 is the 

closed system.  (2) The p-V relation during the 

process is linear.  (3)  Volume change is the only 

work mode.  



 

PROBLEM 2.28 



Problem 2.29 

 

Nitrogen (N2) gas within a piston-cylinder assembly undergoes a process from p1 = 20 bar, V1 = 

0.5 m
3
 to a state where V2 = 2.75 m

3
.  The relationship between pressure and volume during the 

process is pV
1.35

 = constant.  For the N2, determine (a) the pressure at state 2, in bar, and (b) the 

work, in kJ. 

 

KNOWN:  N2 gas within a piston-cylinder assembly undergoes a process where the p-V relation 

is pV
1.35

 = constant.  Data are given at the initial and final states. 

 

FIND:  Determine the pressure at the final state and the work. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

ANALYSIS:  (a)      
      

  →       
  

  
 

 

 ; n = 1.35.  Thus 

 

             
      

       
 

    

        

 

(b)  Since volume change is the only work mode, Eq. 2.17 applies.  Following the procedure of 

part (a) of Example 2.1, we have 

 

 W = 
         

   
 

                          

      
 
       

     
  

    

      
   

 

                   = 1285.7 kJ   

 

N2 
pV 

1.35
= constant 

p1 = 20 bar, V1 = 0.5 m
3
 

V2 = 2.75 m
3
 

ENGINEERING MODEL: (1) The 

N2 is the closed system.  (2) The p-v 

relation is specified for the process.  

(3) Volume change is the only work 

mode. 



PROBLEM 2.30 

 

 

+ B 



PROBLEM 2.31 
 

 
  



Problem 2.31 (Cont’d) 
 

 



Problem 2.32 

 

Air contained within a piston-cylinder assembly is slowly compressed. As shown in Fig P2.32, 

during this first process the pressure first varies linearly with volume and then remains constant.  

Determine the total work, in kJ. 

 

KNOWN:  Air within a piston-cylinder assembly undergoes two processes in series. 

 

FIND:  Determine the total work. 

 

 

 

100

150

50

0.015 0.055 0.07

p

(kPa)

V (m3)

+ +

+
1

23

 

       
       

 
                                       

       

     
  

    

      
  

 

 

    = (-1.875 kJ) + (-6 kJ) = -7.875 kJ  (in)   

SCEMATIC AND GIVEN DATA: ENGINEERING MODEL:  (1) The air within the 

piston-cylinder assembly is the closed system.  (2)  The 

two-step p-V relation is specified graphically.  (3)  

Volume change is the only work mode. 

2 

1 

1 

2 

      
  

  

                        
     

 
                   

ANALYSIS:  Since volume change is the work mode, Eq. 2.17 applies.  Furthermore, the 

integral can be evaluated geometrically in terms of the total area under process lines: 

 

 



PROBLEM 2.33 
 

 

Note:  Minus signs 

signify energy transfer 

by work to the gas. 



Problem 2.34 

 

Carbon monoxide gas (CO) contained within a piston-cylinder assembly undergoes three 

processes in series: 

 

Process 1-2: Constant pressure expansion at 5 bar from V1 = 0.2 m
3
 to V2 = 1 m

3
. 

 

Process 2-3: Constant volume cooling from state 2 to state 3 where p3 = 1 bar. 

 

Process 3-1: Compression from state 3 to the initial state during which the pressure-volume 

relationship is pV = constant.   

 

Sketch the processes in series on p-V coordinates and evaluate the work for each process, in kJ.  

 

KNOWN:  Carbon monoxide gas within a piston-cylinder assembly undergoes three processes 

in series.   

 

FIND:  Sketch the processes in series on a p-V diagram and evaluate the work for each process.   

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The gas is the closed system.  (2) Volume change is the only 

work mode.  (3) Each of the three processes is specified. 

 

ANALYSIS:  Since volume change is the only work mode, Eq. 2.17 applies. 

 

Process 1-2:  Constant pressure processes:            
  

  
           

 

                      
       

     
  

    

      
          (out)    

 

Process 2-3:  Constant volume (piston does not move).  Thus W23 = 0 

 

CO 

Process 1-2: Constant pressure expansion at 5 

bar from V1 = 0.2 m
3
 to V2 = 1 m

3
. 

Process 2-3: Constant volume cooling from 

state 2 to state 3 where p3 = 1 bar. 

Process 3-1: Compression from state 3 to the 

initial state during which the pressure-volume 

relationship is pV = constant.   
 

1 
2 5 

1 

0.2 

3 

1 

p 

(bar) 

V (m
3
) 

pV = constant 



Problem 2.33 (Continued) 

 

Process 3-1:  For process 3-1, pV = constant = p1V1 .  Noting that V3 = V2, we get  

 

         
  

  
  

 

 
  

  

  
     

  

  
           

  

  
  

 

Inserting values and converting units 

 

                       
      

      
       

     
  

    

      
  = -160.9 kJ (in) 

 

 

1.  The net work for the three process is 

 

 Wnet = W12 + W23 + W31 = (+400) + 0 + (-160.9) = 239.1 kJ  (net work is positive - out) 

 

1 



Problem 2.35 

 

Air contained within a piston-cylinder assembly undergoes three processes in series: 

 

Process 1-2: Compression during which the pressure-volume relationship is pV = constant from 

p1 = 10 lbf/in.
2
, V1 = 4 ft

3
 to p2 = 50 lbf/in.

2
 

 

Process 2-3: Constant volume from state 2 to state 3 where p = 10 lbf/in.
2
  

 

Process 3-1: Constant pressure expansion to the initial state. 

 

Sketch the processes in series on a p-V diagram.  Evaluate (a) the volume at state 2, in ft
3
, and (b) 

the work for each process, in Btu.   

 

KNOWN:  Air within a piston-cylinder assembly undergoes three processes in series.   

 

FIND:  Sketch the processes in series on a p-V diagram.  Evaluate (a) the volume at state 2, and 

(b) the work for each process.   

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The gas is the closed system.  (2) Volume change is the only 

work mode.  (3) Each of the three processes is specified. 

 

ANALYSIS: (a)  For process 1-2;  pV = constant.  Thus p1V1 = p2V2, and 

 

     
  

  
     

          

          
         = 0.8 ft

3
    

 

 (b) Since volume change is the only work mode, Eq. 2.17 applies. 

 

Process 1-2:  For process 1-2, pV = constant = p1V1 .  Thus 

 

         
  

  
  

 

 
  

  

  
     

  

  
           

  

  
  

 

Air 

Process 1-2: Compression during which the 

pressure-volume relationship is pV = constant 

from p1 = 10 lbf/in.
2
, V1 = 4 ft

3
 to p2 = 50 lbf/in.

2
 

Process 2-3: Constant volume from state 2 to state 

3 where p = 10 lbf/in.
2
  

Process 3-1: Constant pressure expansion to the   

     initial state. 
 

1 

2 

3 

p 

 

V 

pV = constant 



Problem 2.35 (Continued) 

 

Inserting values and converting units 

 

         
   

    
             

       

     
  

        

     
  

     

          
  = -11.92 Btu (in) 

 

 

Process 2-3:  Constant volume (piston does not move).  Thus W23 = 0 

 

Process 3-1:  Constant pressure processes (p3 = p1):            
  

  
             

 

Noting that V3 = V2 

 

        
   

    
            

        

     
  

     

          
  = 5.92 Btu (out) 

 

 

1.  The net work for the three process is 

 

 Wnet = W12 + W23 + W31 = (-11.92) + 0 + (5.92)) = - 6 kJ  (net work is negative - in) 

 



 



PROBLEM 2.36 
 

 



PROBLEM 2.37 
 

 



PROBLEM 2.37 
 

 



Problem 2.39 

 

An electric heater draws a constant current of 6 amp, with an applied voltage of 220 V, for 24 h.  

Determine the instantaneous electric power provided to the heater, in kW, and the total amount 

of energy supplied to the heater by electrical work, in kW∙h.  If electric power is valued at 

$0.08/kW∙h, determine the cost of operation for one day. 

 

KNOWN:  An electric heater draws a constant current at a specified voltage for a given length 

of time.  The cost of electricity is specified. 

 

FIND:  Determine the instantaneous power provided to the heater and the total amount of energy 

supplied by electrical work.  Determine the cost of operation for one day. 

 

SHEMATIC AND GIVEN DATA:   

                                                                                                          
 

 

 

   
    E I                 

       

   
  

    

    
           

 

Thus, the total energy input is  

 

        
     

  

  
  

                                  

 

Using the specified cost of electricity 

 

 Cost per day = (31.68 kW∙h) ($0.08/kW∙h) = $2.53 

 

 

 

 

 

 

 

 

  
   

i = 6 amp 

E = 220 V 

Δt = 10 h 
 

 

ENGINEERING MODEL:  The current and voltage are 

constant. 

 

 

ANALYSIS:  The constant power input to the heater is 

given by Eq. 2.21 

 

 

 



PROBLEM 2.40 
 

 



PROBLEM 2.41 
 

 



PROBLEM 2.42 

 

Figure P2.42 shows an object whose mass is 5 lb attached to a rope wound around a pulley.  The 

radius of the pulley is 3 in.  If the mass falls at a constant velocity of 5 ft/s, determine the power 

transmitted to the pulley, in hp, and the rotational speed of the shaft, in revolutions per minute 

(RPM).  The acceleration of gravity is 32.2 ft/ s
2
.  

 

KNOWN:  An object attached to a rope wound around a pulley falls at a constant velocity. 

 

FIND:  Find the power transmitted to the pulley and the rotational speed. 

 

SCHEMATIC AND GIVEN DATA:   

                                                                                         
 

Converting to horsepower 

 

           
   

 
  

    

            
   =  0.0455 hp 

 

The rotational speed of the pulley is related to the velocity of the object and the radius by  

V = Rω.  Thus 

 

   
 

 
  

      

       
  

     

  
  

    

     
  = 191 rev/min 

 

 

 

ENGINEERING MODEL:  (1) the object falls at a constant 

speed.  (2) The acceleration of gravity is constant. 

 

ANALYSIS:  The power is obtained using Eq. 2.13 

 

              
 

                              
  

      
  

 
  

     

             
  

 

                 = 25 ft∙lb/s 

 



PROBLEM 2.43 
 

 
 

  



PROBLEM 2.43 (Continued) 
 

 



PROBLEM 2.44 
 

 



PROBLEM 2.45 
 

 



PROBLEM 2.46 
 

 



PROBLEM 2.47 

 

 
 



PROBLEM 2.48 

 

As shown in Fig. P2.48, an oven wall consists of a 0.635-cm-thick layer of steel (κs = 15.1 

W/m∙K) and a layer of brick (κb = 0.72 W/m∙K).  At steady state, a temperature decrease of 0.7
o
C 

occurs over the steel layer.  The inner temperature of the steel layer is 300 K.  If the temperature 

of the outer surface of the brick must be no greater than 40
o
C, determine the thickness of brick, 

in cm, that ensures this limit is met.  What is the rate of conduction, in kW per m
2
 of wall surface 

area? 

 

KNOWN:  Steady-state data are provided for a composite wall formed from a steel layer and a 

brick layer.  

 

FIND:  Determine the minimum thickness of the brick layer to keep the outer surface 

temperature of the brick at or below a specified value.  

 

SCHEMATIC AND GIVEN DATA: 

                                                                                        
 

  
  

 
 

     
      

     

  
     and      

  

 
 

     
      

     

  
      

 

where Tm denotes the temperature at the steel-brick interface. 

 

At steady state, the rate of conduction to the interface through the steel must equal the rate of 

conduction from the interface through the brick:        
     

       
     

.  Thus 

 

     
     

  
      

     

  
      

 

And solving for Lb we get 

 

       
  

  
 
     

     
    

 

 

Ti = 300 K 

ΔT  = -0.7
o
C 

Ls = 0.635 cm 

To ≤ 40
o
C 

ENGINEERING MODEL:  (1) The wall is 

the system at steady state.  (2) The temperature 

varies linearly through each layer. 

 

 ANALYSIS:  Using Eq. 2.31 together with 

model assumption 2 

 

 

Tm 

(300 – 0.7) = 299.3 
o
C 

 

=  – 0.7 
o
C 

 

κs = 15.1 W/m∙K 

κb = 0.72 W/m∙K 



PROBLEM 2.48 (Continued) 

 

     
          

          
  

         

    
            

 

Since To ≤ 40 
o
C 

 

     
     

     
  

         

    
            

 

  Lb ≥  11.22 cm 

 

The rate of conduction is  

 

 
  

 
 

     
      

     

  
                

         

        
  

      

   
  

    

    
                 

 

or 

 

 
  

 
 

     
      

     

  
                

        

        
  

      

   
  

    

    
                 

  

 

The slight difference is due to round-off. 

 

 

 

 

 

 



PROBLEM 2.49 
 

 
  



PROBLEM 2.49 (CONTINUED) 
 

 



Problem 2.50 

 

A composite plane wall consists of a 3-in.-thick layer of insulation (κi = 0.029 Btu/h∙ft∙
o
R) and a 

0.75-in.-thick layer of siding (κs = 0.058 Btu/h∙ft∙
o
R).  The inner temperature of the insulation is 

67
o
F.  The outer temperature of the siding is -8

o
F.  Determine at steady state (a) the temperature 

at the interface of the two layers, in 
o
F, and (b) the rate of heat transfer through the wall in Btu 

per ft
2
 of surface area. 

 

KNOWN:  Energy transfer by conduction occurs through a composite wall consisting of two 

layers.   

 

FIND:  Determine the temperature at the interface between the two layers and the rate of heat 

transfer per unit area through the wall. 

 

SCHEMATIC AND GIVEN DATA:   

 

ENGINEERING MODEL:  (1) The wall is  

the system at steady state.  (2) The temperature 

varies linearly through each layer. 

 

ANALYSIS:  With Eq. 2.17, and recognizing that 

at steady state the rates of energy conduction must be 

equal through each layer 

 
  

 
     

     

  
      

     

  
    (*) 

 

Solving for T2 

    
 
  
  

   
  
  

   

               
 

 
  

  
 

                

     
 
      

    
  = 0.116 Btu/h∙

o
R 

  

  
 

                

       
 
   

 
  = 0.928 Btu/h∙

o
R 

 

Thus 

    
                         

               
 = 460.3 

o
R = 0.33 

o
F   

 

Thus, using Eq. (*) 

 

 
  

 
     

     

  
         

   

      
  

          
 

  
  

  = 7.73 Btu/ft
2
 

 

 
  

 
     

     

  
         

   

      
  

          

    

  
  

  = 7.73 Btu/ft
2
 

 

T1 = 67 
o
F T3 = -8 

o
F 

T2 = ? 

Li = 3 in. 
Ls = 0.75 in. 

insulation siding 

κi = 0.029 Btu/h∙ft∙
o
R 

κs = 0.058 Btu/h∙ft∙
o
R 



PROBLEM 2.51 
 

 



Problem 2.52 

 

Complete the following exercise using heat transfer relations: 

 

(a) Referring to Fig. 2.12, determine the rate of conduction heat transfer, in W, for κ = 0.07 

W/m∙K, A = 0.125 m
2
, T1 = 298 K, T2 = 273 K. 

(b)  Referring to Fig. 2.14, determine the rate of convection heat transfer from the surface to the 

air, in W, for h = 10 W/m
2
, A = 0.125 m

2
, Tb = 305 K, Tf = 298 K. 

 

(a) Referring to Fig. 2.12, determine the rate of conduction heat transfer, in W, for κ = 0.07 

W/m∙K, A = 0.125 m
2
, T1 = 298 K, T2 = 273 K. 

 

 

 
 

(b) Referring to Fig. 2.14, determine the rate of convection heat transfer from the surface to the 

air, in W, for h = 10 W/m
2
, A = 0.125 m

2
, Tb = 305 K, Tf = 298 K. 

 

 
 

 

 

 

 

  
       

     

 
  

Using Eq. 2.31 and noting that the temperature varies linearly 

through the wall 

 

 

             
 

   
            

          

         
  = 1.722 W 

Using Eq. 2.34 

 

  
  = hA[Tb – Tf] 

 

     =    
 

                        

 

      =  8.75 W 

http://www.wiley.com/college/moran/0470495901/ig/Ch2/pages/fig_02_13.htm


PROBLEM 2.53 
 

 



PROBLEM 2.54 
 

 

net 



PROBLEM 2.55 
 

 



Problem 2.56 

 

Each line of the following table gives data for a process of a closed system.  Each entry has the 

same energy units.  Determine the missing entries. 

 

Process Q W E1 E2 ΔE 

 a +50  -20  +70 

 b  +20  +50 +30 

 c  -60 +40 +60  

 d -40  +50  0 

 e +50 +150  -80  

 

 

 

 

 

Process a: 

W = Q - ΔE = +50 – (+ 70) = -20 

 ΔE = E2 – E1 

E2 = ΔE + E1 = +70 + (-20) = +50 

 

Process b: 

Q = ΔE + W = +30 + (+20) = +50 

ΔE = E2 – E1 

E1 = E2 – ΔE = +50 – (+30) = +20 

 

Process c: 

ΔE = E2 – E1 = +60 – (+40) = +20 

Q = ΔE + W = +20 + (-60) = -40 

 

Process d: 

W = Q – ΔE = (-90) – 0 = -90 

ΔE = E2 – E1 

E2 = ΔE + E1 = 0 +50 = +50 

 

Process e: 

ΔE = Q – W = +50 – (+150) = -100 

E1 = E2 – ΔE = (-80) – (-100) = +20 

 

 

 

Process Q W E1 E2 ΔE 

 a +50 -20 -20 +50 +70 

 b +50 +20 +20 +50 +30 

 c -40 -60 +40 +60 +20 

 d -90 -90 +50 +50 0 

 e +50 +150 +20 -80 -100 

 
ΔE = Q - W 



PROBLEM 2.57 
 

Each line of the following table gives data, in Btu, for a process of a closed system.  Determine 

the missing table entries, in Btu. 

 

Process Q W E1 E2 ΔE 

a +40  +15  +15 

b  +5 +7 +22  

c -4 +10  -8  

d -10  -10  +20 

e +3 -3 +8   

 

 

 

 

 

 

 

 

 

Process a: 

W = Q - ΔE = +40 – (+ 15) = -25 Btu 

 ΔE = E2 – E1 

E2 = ΔE + E1 = +15 + (+15) = +30 Btu 

 

Process b: 

ΔE = E2 – E1 = 22 – 7 = +15 Btu 

Q = ΔE + W = +15 + 5 = +20 Btu 

 

Process c: 

ΔE = Q – W = (-4) – (10) = -14 Btu 

E1 = E2 – ΔE = (-8) – (-14) = 6 Btu 

 

Process d: 

W = Q – ΔE = (-10) – (+20) = -30 Btu 

ΔE = E2 – E1 

E2 = ΔE + E1 = +20 + (-10) = +10 Btu 

 

Process e: 

ΔE = Q – W = +3 – (-3) = +6 Btu 

E2 = ΔE + E1 = (+6) + (+8) = +14 Btu 

Process Q W E1 E2 ΔE 

 a +40 -25 +15 +30 +15 

 b +20 +5 +7 +22 +15 

 c -4 +10 +6 -8 -14 

 d -10 -30 -10 +10 +20 

 e +3 -3 +8 +14 +6 

ΔE = Q - W  



Problem 2.58 

 

A closed system of mass of 10 kg undergoes a process during which there is energy transfer by 

work from the system of 0.147 kJ per kg, an elevation decrease of 50 m, and an increase in 

velocity from 15 m/s to 30 m/s.  The specific internal energy decreases by 5 kJ/kg and the 

acceleration of gravity is constant at 9.7 m/s
2
.  Determine the heat transfer for the process, in kJ. 

 

KNOWN:  Data are provided for a closed system undergoing a process involving work, heat 

transfer, change in elevation, and change in velocity. 

 

FIND:  Determine the heat transfer for the process. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

ENGINEERING MODEL:  (1) The system is a 

closed system.  (2) The acceleration of gravity is 

constant. 

 

ANALYSIS:   

 

 ΔU + ΔPE + ΔKE = Q - W      →        Q = ΔU + ΔPE + ΔKE - W  

 

 W = m [W/m] = 10 kg [-0.147 kJ/kg] = -1.47 kJ 

 

 ΔU = mΔu = 10 kg [- 5 kJ/kg] = -50 kJ 

 

 ΔKE = 
 

 
   

    
   

     

 
     

 

 
 

 

     
 

 
 

 

  
   

         
  

    

      
  = +3.38 kJ 

 

 ΔPE = mg(z2 – z1) = (10 kg) (9.7 m/s
2
)(-50 m) 

   

         
  

    

      
  = - 4.85 kJ 

 

Q = (-50) + (-4.85) + (3.38) – (-1.47) = -50 kJ (out) 

 

 

50 m 

m = 10 kg 

g = 9.7 m/s
2
 

V2 = 30 m/s 

V1 = 15 m/s 

z  

Δu = -5 kJ/kg 

W/m = + 0.147 kJ/kg 



PROBLEM 2.59 
 

 



PROBLEM 2.60 

 

 



PROBLEM 2.61 

 

 



Problem 2.62 

 

An electric motor draws a current of 10 amp with a voltage of 110 V, as shown in Fig. P2.62.  

The output shaft develops a torque of 9.7 N∙m and a rotational speed of 1000 RPM.  For 

operation at steady state, determine for the motor 

(a) the electric power required, in kW. 

(b) the power developed by the output shaft, in kW. 

(c) the average surface temperature, Ts, in 
o
C, if heat transfer occurs by convection to the 

surroundings at Tf = 21
o
C.  

 

KNOWN:  Operating data are provided for an electric motor at steady state. 

 

FIND:   Determine (a) the electric power required, (b) the power developed by the output shaft, 

and (c) average the surface temperature. 

 

 

                          
ENGINEERING MODEL:  (1) The motor is the closed system.  (2) The system is at steady 

state. 

 

ANALYSIS:  (a)  Using Eq. 2.21 

 

   
          - (voltage) (current) = - (110 V)(10 amp) 

       

   
  

    

    
  = -1.1 kW (in) 

 

(b)  Using Eq. 2.20 

 

   
      = (torque) (angular velocity) 

 

                                       
   

   
  

      

   
  

     

    
  

    

        
  = 1.016 kW (out) 

 

(c)  To determine the surface temperature, first find the rate of energy transfer by heat using the 

energy balance 

 

 
  

  
             

           
       

 

       
           

       = (-1.1 kW) + (1.016 kW) = -0.084 kW 

 

The surface temperature of the motor is 

  

10 amp 

110 V 

T  = 9.7 N∙m 

1000 RPM 

Tf = 21
o
C 

Ts 

             

hA = 3.9 W/K 

0 



Problem 2.62 (Continued) 

 

                = (-0.084 kW)/(3.9 W/K) 
     

    
  + 294 K 

 

                 = 315.5 K = 42.5 
o
C 

 

 

 

 

 

  



 
 

Fig. P2.62 – 8e 

 

Pick-up motor graphic from Fig. E2.6 – 7e 



PROBLEM 6.63 
 

 



PROBLEM 2.64 
 

 



PROBLEM 2.65 
 

 
  



PROBLEM 2.65 (Continued) 
 

 



Problem 2.66 

 

A gas undergoes a process in a piston-cylinder assembly during which the pressure-specific 

volume relation is pv1.2
 = constant.   The mass of the gas is 0.4 lb and the following data are 

known:  p1 = 160 lbf/in.
2
, V1 = 1 ft

3
, and p2 = 390 lbf/in.

2
  During the process, heat transfer from 

the gas is 2.1 Btu.  Kinetic and potential energy effects are negligible.  Determine the change in 

specific internal energy of the gas, in Btu/lb. 

 

KNOWN:  A gas is compressed in a piston-cylinder assembly.  The pressure-specific volume 

relation is specified. 

 

FIND:  Determine the change in specific internal energy. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The gas is a closed system.  

(2) The process follows pv1.2
 = constant.  (3) Kinetic and  

potential energy effects are negligible. 

 

ANALYSIS:  The change in specific internal energy will be found from an energy balance.  

First, determine the work.  Since volume change is the only work mode, Eq. 2.17 applies: 

 

 W =     
  

  
 =   

     

    

  

  
   

           

     
 

 

Evaluating V2 

 

 V2 =  
  

  
 

 
    

    
            

            
 

 
    

        = 0.4759 ft
3
 

Thus 

 

W   
                                   

     
  

        

     
  

     

          
  = -23.69 Btu (in) 

 

Now, writing the energy balance:                 

 

With ΔU = mΔu 

 

 Δu  
   

 
 

                        

      
  = 54.0 Btu    

 

1. The amount of energy transfer in by work exceeds the amount of energy transfer out by heat, 

resulting in a net increase in internal energy. 

 

gas 

m = 0.4 lb 

  

Q = -2.1 Btu 

p1 = 160 lbf/in.
2
 

V1 = 1 ft
3
 

p2 = 390 lbf/in.
2
 

p 

 

v 

 

pv1.2
 = constnat 

 

1 

 

2 

 

. 

. 

1 

W  



PROBLEM 2.67 
 

 



PROBLEM 2.68 
 

 

 



 

 

PROBLEM 2.69 

 

Steam in a piston-cylinder assembly undergoes a polytropic process.  Data for the initial and 

final states are given in the accompanying table.  Kinetic and potential energy effects are 

negligible.  For the process, determine the work and heat transfer, each in Btu per lb of steam. 

 

State p (lbf/in.
2
) v (ft

3
/lb) u (Btu/lb) 

1 100 4.934 1136.2 

2 40 11.04 1124.2 

 

 

KNOWN:  Steam undergoes a polytropic process in a piston-cylinder assembly.  Data are 

known at the initial and final states. 

 

FIND:  Determine the work and heat transfer, each per unit mass of steam. 

  
 

 

 

ANALYSIS:  Since the process is polytropic,  Eq 2.17 applies for the work: 

 

 W/m =     
  

  
   

     

  
  

  

  
 

           

   
 

 

The pressures and specific volumes are known at each state, but n is unknown.  To find n, pv
n
 = 

constant , as follows: 

 

     
      

      →    
  

  
  

  

  
 

 
    →      

         

         
 = 

          

               
 = 1.1377 

Thus 

 

 W/m = 
                                        

        
 
        

     
  

     

          
  = 69.63 Btu/lb (out) 

 

The heat transfer is obtained using the energy balance. 

 

Steam 
State p (lbf/in.

2
) v (ft

3
/lb) u (Btu/lb) 

1 100 4.934 1136.2 

2 40 11.04 1124.2 
 

p  

v  

1  
pvn 

= constant  

2 

. 

. 

ENGINEERING MODEL:  (1) The steam is a closed system.  (2) The process is polytropic 

process, and volume change is the only work mode.  (3) Kinetic and potential energy effects are 

negligible.   



PROBLEM 2.69 (CONTINUED) 

 

 ΔU + ΔKE + ΔPE = Q – W    →     Q = ΔU + W 

 

With ΔU = m Δu = m(u2 – u1) 

 

 Q/m = (u2 – u1) + (W/m) = (1124.2  – 1136.2) Btu/lb + (69.63 Btu/lb)  

 

         =  57.63 Btu/lb  (in) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 2.70 

 

Air expands adiabatically in a piston-cylinder assembly from an initial state where p1 = 100 

lbf/in.
2
, v1 = 3.704 ft

3
/lb, and T1 = 1000 

o
R, to a final state where p2 = 50 lbf/in.

2
  The process is 

polytropic with n = 1.4.  The change in specific internal energy, in Btu/lb, can be expressed in 

terms of temperature change as Δu = (0.171)(T2 – T1).  Determine the final temperature, in 
o
R.  

Kinetic and potential energy effects can be neglected. 

 

KNOWN: Air undergoes a polytropic process with known n in a piston-cylinder assembly.  Data 

are known at the initial and final states, and the change in specific internal energy is expressed as 

a function of temperature change. 

 

FIND:  Determine the final temperature.   

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  To find the final temperature, we will use the energy balance with the given 

expression for change in specific internal energy as a function of temperature change.  First, 

determine the work using Eq. 2.17 

 

W/m =       
     

    

  

  
   

           

     

  

  
 

 

For the polytropic proess,     
        

   .  Thus 

 

     
  

  
 

 

   
     

            

           
 

 

   
               = 6.077 ft

3
/lb 

 

So, the work is 

 

 W/m = 
                                           

     
 
        

     
  

     

          
  = 30.794 Btu/lb 

 

The energy balance is:  ΔU + ΔKE + ΔPE = Q – W.  With ΔU = m(u2 – u1) 

 

 

 

.

.

p

v
 

Air 

p1 = 100 lbf/in.
2
 

v1 = 3.704 ft
3
/lb 

T1 = 1000 
o
R 

p2 = 50 lbf/in.
2
 

Δu = (0.171Btu/lb∙
o
R)(T2 – T1) 

pv1.4
 = constant 

2 

1 

ENGINEERING MODEL:  (1) The air is a closed system.  

(2)  The process is polytropic with n = 1.4 and volume change 

is the only work mode.  (3) The process is adiabatic: Q = 0.    

(4)  Kinetic and potential energy effects are negligible. 

 

Q = 0 



PROBLEM 2.70 (CONTINUED) 

 

 (u2 – u1) =   W/m 

 

Inserting values 

 

 (0.171 Btu/lb∙
o
R)(T2 – 1000 

o
R) =   (30.794 Btu/lb) 

 

Solving;  T2 = (-30.794)/(0.171) + 1000 = 819.9 
o
R 

  

 

 

 

  



PROBLEM 2.71 
 

 
  



PROBLEM 2.71 (Continued) 
 

 



PROBLEM 2.72 
 

 



PROBLEM 2.73 
 

 



PROBLEM 2.74 
 

 

Process ΔE  Q  W 
    1-2           -1200  0   
    2-3                800 
    3-4                        -200           -200 
    4-1  400              400 



PROBLEM 2.75 
 

 



PROBLEM 2.76 
 

 

. 



PROBLEM 2.77 
 

 

Process 1-2: Compression with pV = constant, W12 = -104 kJ, 

  U1 = 512 kJ, U2 = 690 kJ 

Process 2-3:  W23 = 0, Q23 = -150 kJ 

Process 3-1:  W31 = +50 kJ 



PROBLEM 2.78 
 

 
  



PROBLEM 2.78 (Continued) – Page 2 
 

 

 
  



Problem 2.78 (Continued) – Page 2 
 

 

 



Problem 2.79 

 

A gas undergoes a cycle in a piston-cylinder assembly consisting of the following three 

processes: 

 

Process 1-2: Constant pressure, p = 1.4 bar, V1 = 0.028 m
3
, W12 = 10.5 kJ 

 

Process 2-3: Compression with pV = constant, U3 = U2 

 

Process 3-1: Constant volume, U1 – U3 = -26.4 kJ 

 

There are no significant changes in kinetic or potential energy.   

 

(a)  Sketch the cycle on a p-V diagram. 

(b)  Calculate the net work for the cycle, in kJ. 

(c)  Calculate the heat transfer for process 1-2, in kJ 

 

KNOWN:  A gas undergoes a cycle consisting of three processes. 

 

FIND:  Sketch the cycle on a p-V diagram and determine the net work for the cycle and the heat 

transfer for process 1-2. 

 

SCHEMATIC AND GIVEN DATA:   

Process 1-2: Constant pressure, p = 1.4 bar, V1 = 0.028 m
3
,  

W12 = 10.5 kJ 

 

Process 2-3: Compression with pV = constant, U3 = U2 

 

Process 3-1: Constant volume, U1 – U3 = -26.4 kJ 

 

ENGINEERING MODEL:  (1) The gas is a closed system.  (2) Kinetic and potential energy 

effects are negligible.  (3) The compression from state 2 to 3 is a polytropic process. 

 

ANALYSIS:  (a)  Since W12 > 0, the process is an expansion.  Thus 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Gas 

1 2  

p  

V 

3  

.  

.  

.  



Problem 2.79 (Continued) 

 

(b)  The net work for the cycle is Wcycle = W12 +W23 + W31.  W12 = 10.5 kJ, so we need W23.   

 

 W23      
  

  
  

     

 
            

  

  
 

  

  
          

  

  
                           (*) 

 

where V3 = V1 has been incorporated.  But, we still need to evaluate V2.  For Process 1-2 at 

constant pressure 

 

 W12 =     
  

  
          

or 

 V2 = 
   

 
     

         

         
  

      

    
  

     

       
  + 0.028 m

3
 = 0.103 m

3
 

 

Thus, with Eq. (*) 

 

 W23 =                       
     

     
  

       

     
  

    

      
  = -18.78 kJ 

Thus 

 Wcycle = 10.5 kJ + (-18.78 kJ) + 0 = -8.28 kJ  

 

(c)  To get Q12, we apply the energy balance to process 1-2:  ΔKE + ΔPE + (U2 – U1) = Q12 – W12 

 

With U2 = U3,  

 

 Q12 = (U3 – U1) + W12 = (+26.4 kJ) + (10.5 kJ) = 36.9 kJ 

 

 

 

0 

0 0 



PROBLEM 2.80 
 

 



Problem 2.81 

 

The net work of a power cycle operating as in Fig. 2.17a is 10,000 kJ, and the thermal efficiency 

is 0.4. Determine the heat transfers Qin and Qout, each in kJ. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wcycle = 10,000 kJ 

 η = 0.4 

 

  
      

   
     →    Qin  

      

 
 

 
Qin = (10,000 kJ) / (0.4) = 25,000 kJ 

 

Wcycle = Qcycle = Qin - Qout 

 

Thus 

 

Qout = Qin – Wcycle = 25,000 – 10,000 = 15,000 kJ 

 

 



Problem 2.82 

 

For a power cycle operating as shown in Fig. 2.17a, the energy transfer by heat into the cycle, 

Qin, is 500 MJ.  What is the net work developed, in MJ, if the cycle thermal efficiency is 30%?  

What is the value of Qout, in MJ? 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Qin 

n  

= 500 MJ 

η = 30% 

η  
      

   
 

 

Wcycle = ηQin = (0.3)(500 MJ) = 150 MJ 

 

Wcycle = Qcycle = Qin - Qout 

 

Thus 

 

Qout = Qin – wcycle = 500 MJ – 150 MJ = 350 MJ 



Problem 2.83 

 

For a power cycle operating as in fig. 2.17a, Qin = 17 x 10
6
 Btu and Qout = 12 x 10

6
 Btu.  

Determine Wcycle, in Btu, and η. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Qin  = 17 x 10
6
 Btu 

Qout = 12 x 10
6
 Btu 

Wcycle = Qcycle = Qin – Qout  

 

          = (17 x 10
6
) – (12 x 10

6
) = 5 x 10

6
 Btu 

 

η = 
      

   
 = 

          

           
 = 0.294 (29.4%) 

 

Alternatively 

 

η = 1  
    

   
 = 1  

        

        
 = 0.294 



PROBLEM 2.84 
 

 

) 



Problem 2.85 

 

A concentrating solar collector system, as shown in Fig. P2.85, provides energy by heat transfer 

to a power cycle at a rate of 2 MW.  The cycle thermal efficiency is 36%.  Determine the power 

developed by the cycle, in MW.   What is the work output, in MW∙h, for 4380 hours of steady-

state operation?  If the work is valued at $0.08/kW∙h, what is the total dollar value of the work 

output? 

 

  
 

 

The power developed is 

 

   
      = η  

   = (0.36) (2 MW) = 0.72 MW 

 

For 4380 hours of steady-state operation 

 

 Wcycle =   
     Δt = (0.72 MW)(4380 h) = 3153.6 MW∙h 

 

The total dollar value is 

 

 $ Value = (3153.6 MW∙h)($0.08/kW∙h) 
     

    
  = $252,300 

 

 

 

 

 

 

 

 

 

 

 

Power 

Cycle 

 

  
   = 2 MW 

Atmosphere 

  
      

  
    



PROBLEM 2.86 
 

 



PROBLEM 2.87 
 

 



PROBLEM 2.88 
 

 



Problem 2.89 
 

 
 



PROBLEM 2.90 
 

 



PROBLEM 2.91 
 

 



Problem 2.92 

 

A window-mounted room air conditioner removes energy by heat transfer from a room and 

rejects energy by heat transfer to the outside air.  For steady operation, the air conditioner cycle  

requires a power input of 0.434 kW and has a coefficient of performance of 6.22.  Determine the 

rate that energy is removed from the room air, in kW.  If electricity is valued at $0.1/kW∙h, 

determine the cost of operation for 24 hours of operation. 

 

KNOWN:  Steady-state operating data are provided for an air conditioner. 

 

FIND:  Determine the rate energy is removed from the room and air the cost of 24 hours of 

operation. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  Using Eq. 2.45 on a time rate basis 

 

 β = 
    

       
     →                    (6.22)(0.434 kW) = 2.70 kW 

 

The total amount of electric energy input by work for 24 h of operation is 

 

 Wcycle =           = (0.434 kW)(24 h) = 10.42 kW∙h 

 

Thus, the total cost is 

 

 Total cost = (10.42 kW∙h)($0.1/kW∙h) = $1.04 (for 24 hours) 

 

 

 

 

Air 

Conditioner 

 

Room air 

 

               
 

 

Outside  air 

 

          
 

 

     =  0.434 kW 

 

Electric cost:  

    $0.1/kW∙h 

ENGINEERING MODEL:   

(1) The system shown in the schematic 

undergoes a refrigeration cycle. 

(2) Energy transfers are positive in the 

directions of the arrows. 

(3) The cycle operates steadily for 24 

hours. 

(4)  Electricity is valued at $0.1/kW∙h. 

Refrigeration 

Cycle, β = 

6.22 

 

 

β = 6.22 



PROBLEM 2.93 
 

 



PROBLEM 2.94 
 

 



PROBLEM 2.95 

 

 



PROBLEM 2.96 
 

 



PROBLEM 3.1 

 

A system consisting of liquid water and ice undergoes a process.  At the end of the process, the 

ice has melted and the system contains only liquid water.  Can the system be considered a pure 

substance during the process?  Explain. 

 

 

 

→ liquid water 

+ ice → liquid water 

The system is a pure substance.  Although 

the phases change, the system remains of 

fixed chemical composition and is 

chemically homogenous. 



PROBLEM 3.2 

 

A system consists of liquid nitrogen in equilibrium with nitrogen vapor.  How many phases are 

present?  The system undergoes a process during which all of the liquid is vaporized.  Can the 

system be viewed as a pure substance during the process?  Explain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

liquid 

nitrogen 

vapor 

nitrogen 

→ 

Initially, two phases are present:  saturated liquid 

and saturated vapor. 

 

The system is a pure substance.  Although liquid 

is vaporized, the system remains fixed in 

chemical composition and is chemically 

homogenous.   



PROBLEM 3.3 

 

A system consists of liquid water in equilibrium with a gaseous mixture of air and water vapor.  

How many phases are present?  Does the system consist of a pure substance?  Explain.  Repeat 

for a system consisting ice and liquid water in equilibrium with a gaseous mixture of air and 

water vapor.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 3.4 

 

An open container of pure ethanol (ethyl alcohol) liquid is placed on a table in a room.  

Evaporation occurs until all of the ethanol is gone.  Where did the alcohol go?  If the ethanol 

liquid and the room air are taken to be a closed system, can the system be regarded as a pure 

substance during the process?  How many phases are present initially and finally?  Explain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

air in room 

ethanol 

The ethanol vaporizes and diffuses into the room air. 

 

The system is not a pure substance during the process 

since the composition of the gas phase changes as 

ethanol evaporates into the air.  Also, the liquid and 

gas phases each have different chemical compositions, 

so the system is not chemically homogenous 

 

Once all of the ethanol evaporates, the gas phase 

comes to equilibrium and the composition becomes 

homogeneous.  At this point, the gas phase can be 

treated as a pure substance. 



PROBLEM 3.5 

 

Determine the phase or phases in a system consisting of H2O at the following conditions and 

sketch the p-v and T-v diagrams showing the location of each state. 

 

(a)  p = 100 lbf/in.
2
, T = 327.86

o
F 

(b)  p = 100 lbf/in.
2
, T = 240

o
F 

(c)  T = 212
o
F, p = 10 lbf/in.

2
 

(d)  T = 70
o
F, p = 20 lbf/in.

2
 

(e)  p = 14.7 lbf/in.
2
, T = 20

o
F 

 

(a)  p = 100 lbf/in.
2
, T = 327.86

o
F 

 

 
 

 

 

 

 

(b)  p = 100 lbf/in.
2
, T = 240

o
F 

 

 

 

 

 

p 
T 

v v 

100 lbf/in.
2
 

327.86
o
F (Table A-3E) 

 

100 lbf/in.
2
 

327.86
o
F 

Two-phase 

liquid-vapor 

mixture 

100 lbf/in.
2
 

327.86
o
F (Table A-3E) 

240
o
F 

p 

v v 

T 

. 
327.86

o
F 

100 lbf/in.
2
 

240
o
F . 

T<Tsat@p 

sub-cooled liquid 



Problem 3.5 (Continued) 

 

(c)  T = 212
o
F, p = 10 lbf/in.

2
 

 

 
 

(d)  T = 70
o
F, p = 20 lbf/in.

2
 

 
(e)  p = 14.7 lbf/in.

2
, T = 20

o
F 

 
 

 

 

 

 
 

. 
14.7 lbf/in.

2
 

10 lbf/in.
2
 

212
o
F 

212
o
F (Table A-3E) . 

14.7 lbf/in.
2
 

10 lbf/in.
2
 

p 
T 

v v 

p<psat@T 

superheated 

vapor 

. 

70
o
F 

0.3632 lbf/in.
2
 

20 lbf/in.
2
 

70
o
F . 

0.3632 lbf/in.
2
 (Table A-2E) 

20 lbf/in.
2
 

p 
T 

v v 

p>psat@T 

sub-cooled liquid 

14.7 lbf/in.
2
 

20
o
F 

 

. 

0.0505 lbf/in.
2
 

p>psat@T 

solid 

(T is below the triple 

point temperature)  

. 

14.7 lbf/in.
2
 

0.0505 lbf/in.
2
 (Table A-5E) 

20
o
F 

v v 

p T 



PROBLEM 3.6 

 

Determine the phase or phases in a system consisting of H2O at the following conditions and 

sketch the p-v and T-v diagrams showing the location of each state. 

 

(a)  p = 10 bar, T = 179.9
o
C 

(b)  p = 10 bar, T = 150
o
C 

(c)  T = 100
o
C, p = 0.5 bar 

(d)  T = 20
o
C, p = 50 bar 

(e)  p = 1 bar, T = - 6
o
C 

 

(a)  p = 10 bar, T = 179.9
o
C 

 

 
 

 

 

 

 

(b)  p = 10 bar, T = 150
o
C 

 

 

p 
T 

v v 

10 bar 

179.9
o
C 

(Table A-3) 

10 bar 

179.9
o
C 

Two-phase 

liquid-vapor 

mixture 

10 bar 

179.9
o
C 

150
o
C 

p 

v v 

T 

. 
179.9

o
C 

10 bar 

150
o
C . 

T<Tsat@p 

sub-cooled liquid 



 

 

 

Problem 3.5 (Continued) 

 

(c)  T = 100
o
C, p = 0.5 bar 

 

 
 

(d)  T = 20
o
C, p = 50 bar 

 
(e)  p = 1 bar, T = - 6

o
C 

 
 

0.003689 bar 

-6 
o
C 

T p 

v v 

-6 
o
C 

0.003689 bar (Table A-5) 

1 bar 

. 

p>psat@T 

solid 

(T is below the triple 

point temperature)  

. 

 

1 bar 

. 
1.014 bar 

0.5 bar 
100

o
C 

100
o
C . 

1.014 bar (Table A-2) 

0.5 bar 

p 
T 

v v 

p<psat@T 

superheated 

vapor 

. 

20
o
C 

0.02339 bar 

50 bar 

20
o
C . 

0.02339 bar (Table A-2) 

50 bar 
p 

T 

v v 

p>psat@T 

sub-cooled liquid 



PROBLEM 3.7 

 

 



PROBLEM 3.8 

 

 



PROBLEM 3.9 

 

 
COMMENT:  As the pressure increases, the difference in specific volume between saturated 

vapor and saturated liquid decreases.  At the critical pressure, the two states 

coincide and the difference is zero.   

 



PROBLEM 3.10 

 

For H2O, determine the specified property at the indicated state.  Locate the state on a sketch of 

the T-v diagram. 

 

(a)  T = 140
o
C, v = 0.5 m

3
/kg.  Find p, in bar. 

(b)  p = 30 MPa, T  = 100
o
C.  Find v, in m

3
/kg. 

(c)  p = 10 MPa, T = 485
o
C.  Find v, in m

3
/kg. 

(d)  T = 80
o
C, x = 0.75.  Find p, in bar, and v, in m

3
/kg. 

 

(a)  T = 140
o
C, v = 0.5 m

3
/kg.  Find p, in bar. 

 

(b)  p = 30 MPa, T  = 100
o
C.  Find v, in m

3
/kg. 

 

 

 

 

 

p = psat(140
o
C) = 3.613 bar T 

v 

f g 
. 140

o
C 

Table A-3: vf = 1.0435 x 10
-3

 m
3
/kg

 
, vg = 1.673 

m
3
/kg.  Since vf < v < vg, the state is in the two-

phase liquid-vapor region, as shown.   

 

From Table A-3, the pressure is the saturation 

pressure at 140
o
C:  p = 3.613 bar. 

T 

v 

. 

. 

30 MPa = 300 bar 

pc = 220.9 bar (Table A-3) 

Tc = 374.14
o
C (Table A-3) 

  100
o
C 

The pressure is higher than the critical 

pressure, as shown on the diagram.  Hence, the 

state is in the compressed liquid region.   

 

From Table A-5:  v = 1.0290 m
3
/kg. 



Problem 3.10 (Continued) 

(c)  p = 10 MPa, T = 485
o
C.  Find v, in m

3
/kg. 

 

 

(d)  T = 80
o
C, x = 0.75.  Find p, in bar, and v, in m

3
/kg. 

 
 

 

 

 

 

 

 

 

 

 

 

 

T 

v 

. 
. 

10 MPa = 100 bar 

485
o
C 

Tc = 374.14
o
C 

Tsat (100 bar) = 311.1
o
C 

           (Table A-3) 

Since the temperature is higher than Tsat at 100 

bar, the state is superheated vapor. 

 

Interpolating in Table A-4, we get 

 

v = 0.03160 +  

      (485 – 480)/(520 – 480)*(0.02343 – 0.3160) 

 

    = 0.03058 m
3
/kg 

. 

psat (80
o
C) = 0.4739 bar 

           (Table A-2) 

 80
o
C 

x = 0.75 

T 

v 

Eq. 3.2: vx = vf + x(vg – vf) 

 

With data from Table A-2 at 80
o
C 

 

v = 1.0291 x 10
-3

 + (0.75)(3.407 - 1.0291 x 10
-3

) 

 

   =  2.556 m
3
/kg 

 



PROBLEM 3.11 

 

For each case, determine the specific volume at the indicated state.  Locate the state on a sketch 

of the T-v diagram. 

 

(a)  Water at p = 1 bar, T = 20
o
C.  Find v, in m

3
/kg. 

(b)  Refrigerant-22 at p = 40 lbf/in.
2
,  x = 0.6.  Find v, in ft

3
/lb. 

(c)  Ammonia at p = 200 lbf/in.
2
, T = 195

o
F.  Find v, in ft

3
/lb. 

 

(a)  Water at p = 1 bar, T = 20
o
C.  Find v, in m

3
/kg. 

 
(b)  Refrigerant-22 at p = 40 lbf/in.

2
,  x = 0.6.  Find v, in ft

3
/lb. 

 
  

T 

v 

20
o
C 

f 

1 bar 

Tsat =  99.63
o
C 

(Table A-3) 

. . 

The state is in the compressed liquid region.  

Since p < 25 bar, Table A-5 cannot provide the 

needed data.   

 

Using Eq. 3.11 as an approximation with data 

from Table A-2: 

 

v ≈ vf (20
o
C) = 1.0018 x 10

-3
 m

3
/kg  

 

. . . Tsat =  1.54
o
F 

(Table A-8E) 

40 lbf/in.
2
 

f g x = 0.6 

T 

v 

Table A-8E at 40 lbf/in.
2
 gives: 

vf = 0.01198 ft
3
/lb, vg = 1.3277 ft

3
/lb 

 

With Eq. 3.2 

vx =  vf  + x(vg  - vf) 

 

     =  0.01198 + (0.6)(1.3277 – 0.01198) 

 

     =  0.8014 ft
3
/lb 



PROBLEM 3.11 (CONTINUED) 

 

(c)  Ammonia at p = 200 lbf/in.
2
, T = 195

o
F.  Find v, in ft

3
/lb. 

 
 

 

 

 
 

. 
200 lbf/in.

2
 

195
o
F 

Tsat(200 lbf/in.
2
)   

         = 96.24
o
F 

       (Table A-8E) 

T 

v 

Since T > Tsat, the state is in the superheated vapor 

region.  Interpolating in Table A-9E: 

 

v = 0.3497 +  

            (195 – 180)/(200 – 180)*(0.3661 – 0.3497) 

 

    =  0.3620 ft
3
/lb  



PROBLEM 3.12 

 

 



PROBLEM 3.13 

 

 



PROBLEM 3.14 

 

 



PROBLEM 3.15 

 

 



PROBLEM 3.16 

 

A 1-m
3
 tank holds a two-phase liquid-vapor mixture of carbon dioxide at – 17

o
C.  The quality of 

the mixture is 70%.  For saturated carbon dioxide at – 17
o
C, vf = 0.9827 x 10

-3 
m

3
/kg and

 
 vg = 

1.756 x 10
-2

 m
3
/kg.  Determine the masses of saturated liquid and saturated vapor, each in kg.  

What is the percent of the total volume occupied by saturated liquid? 

 

 

 

 

 

 

 

 

 

 

 

First, find the total mass as follows: 

 

 vx  = vf +x (vg -  vf) = 0.9827 x 10 
-3

 + (0.7)(1.756 x 10
-2

 - 0.9827 x 10 
-3

) = 0.01258 m
3
/kg 

 

Thus 

 

 m = V/vx = (1 m
3
)/(0.01258 m

3
/kg) = 79.46 kg 

 

Now, using the definition of quality 

 

 mg = x m = (0.7) ( 79.46 kg) = 55.62 kg 

 

 mf = (1 - x) m = (1 – 0.7) (79.46 kg) = 23.84 kg  

 

The volume of saturated  liquid is  

 

 Vf = vf ∙mf = (0.9827 x 10
-3

 m
3
/kg) ∙ (23.84 kg) = 0.0234 m

3
 

 

The total volume is 1 m
3
, so the percent of the total volume occupied saturated liquid is 2.34%. 

 

Note:  Although the liquid is 30% of the total mass, its specific volume is much less than that of 

the vapor.  Consequently, the liquid occupies a very small fraction of the total volume. 

 

 

V = 1 m
3
 

 

saturated vapor 
 

saturated liquid 
 

vf = 0.9827 x 10
-3 

m
3
/kg 

vg = 1.756 x 10
-2

 m
3
/kg 

carbon  

dioxide 

T = -17
o
C 

x = 0.7 
 



PROBLEM 3.17 

 

Determine the volume, in ft
3
, of 2 lb of a two-phase liquid-vapor mixture of Refrigerant 134A at 

40
o
F with a quality of 20%.  What is the pressure, in lbf/in.

2
 

 

 

 

 

 

 

 

 

 

 

 

 

First, find the specific volume using Eq. 3.2 and data from Table A-10E at 40
o
F. 

 

 v = vf + x (vf  -  vg) = 0.01251 + (0.2) (0.9470 – 0.1251) = 0.28948 ft
3
/lb 

 

Now 

 

 V = v m = (0.1994 ft
3
/lb) (2 lb) = 0.579 ft

3
  

 
 

   

 

 

 

 

 

 

 

 

 

m = 2 lb 
 

saturated vapor 
 

R-134A 
 

saturated  liquid 
 

T = 40
o
F 

x = 0.2 
 

p 

v 

. 
T = 40

o
F 

p = 49.738 lbf/in.
2
 (Table A-10E) x= 0.2 . . 

f g 



PROBLEM 3.18 

 

 



PROBLEM 3.19 

 

A tank contains a two-phase liquid-vapor mixture of Refrigerant 22 at 10 bar.  The mass of 

saturated liquid in the tank is 25 kg and the quality is 60%.  Determine the volume of the tank, in 

m
3
, and the fraction of the total volume occupied by saturated vapor. 

 

 

 

 

 

 

  

 

 

 

 

 
 

First, determine the specific volume using Eq. 3.2 and data from Table A-8 at 10 bar. 

 

 vx  =  vx + x (vg – vf)  =  0.8352 x 10
-3

 + (0.6) (0.0236 - 0.8352 x 10
-3

) = 0.01449 m
3
/kg 

 

The total mass is determined from the mass of saturated liquid and the definition of quality, as 

follows.  

 

 m = mf / (1 – x) = (25 kg) / (1 – 0.6) = 62.5 kg 

 

Now, the volume is  

 

 V = vx m = (0.01449 m
3
/kg) (62.5 kg) = 0.9056 m

3
    

 

The volume occupied by saturated vapor is 

 

 Vg = vg (m – mf) = (0.0236 m
3
/kg) (62.5 – 25)kg = 0.885 m

3
 

 

 fraction occupied by vapor =  (0.885)/(0.9056)  = 0.977 (97.7%)   

 

Note:  Even though the vapor is only 60% of the mixture by mass, it occupies nearly the entire 

volume because the specific volume of saturated liquid is much smaller than the specific volume 

of saturated vapor at this pressure.   

 

 

 

  
 

R – 22 

 

p = 10 bar 

x = 0.6 
saturated liquid 

mf = 25 kg 

saturated vapor p = 10 bar 

x= 0.6 
. T = 23.40

o
C 

T 

v 



PROBLEM 3.20 

 

 



PROBLEM 3.21 

 

 



PROBLEM 3.22 

 

Ammonia, initially at 6 bar, 40
o
C, undergoes a constant volume process in a closed system to a 

final pressure of 3 bar.  At the final state, determine the temperature, in 
o
C, and the quality.  

Locate each state on a sketch of the T-v diagram. 

 

 

 

 

 

 

 

 

 

 

 

 

The initial state is in the superheated vapor region.  From Table A-25, v1 = 0.24118 m
3
/kg.  The 

system is a closed system (constant mass) and the volume is constant.  Therefore, v2 = v1.  From 

Table A-14 at v2 = 0.24118 m
3
/kg, the state is in the two-phase liquid-vapor region, and  

 

 T2 = Tsat(3 bar) = -9.24
o
C 

 

The quality is  

 

 x2 = 
      

       
 
                     

                    
 = 0.5924 (59.24%) 

 

 

 

 

 

 

 

 

 

 

 

Ammonia 40
o
C 

3 bar 

v 

6 bar T 

1 

2 
. -9.24

o
C 

. 

constant 

volume 



PROBLEM 3.23 

 

 



PROBLEM 3.24 

 

 



PROBLEM 3.25 

 

 
COMMENT:  The values obtained using IT:Interactive Thermodynamics compare favorably 

with those obtained using table data.   



PROBLEM 3.26 

 

A closed, rigid tank contains a two-phase liquid-vapor mixture of Refrigerant-22 initially at -20
o
C 

with a quality of 50.36%.  Energy transfer by heat into the tank occurs until the refrigerant is at a 

final pressure of 6 bar.  Determine the final temperature, in 
o
C.  If the final state is in the superheated 

vapor region, at what temperature, in 
o
C, does the tank contain only saturated vapor? 

 

State 1       State 2 

 

 

 

 

 

 

 

 

 

 
First, using data from Table A-7 and Eq. 3.2, we can determine v1 as follows 

 

 v1 = vf1 + x1(vg1 – vf1) = 0.7427 x 10
-3

 + (0.5036)(0.0926 - 0.7427 x 10
-3

) = 0.0470 m
3
/kg 

 

Since v2 =  v1, State 2 is in the superheated vapor region (v2 > vg@6bar).  Thus, interpolating at 6 bar 

with v2 = 0.0470 m
3
/kg in Table A-9 we get 

 

 T2 ≈ 43.75
o
C 

 

Since State 2 is superheated vapor, the tank contains only saturated vapor at the condition where vg = 

0.0470 m
3
/kg.  Referring to Table A-7, this occurs at T = 0

o
C.   

 

V constant 

m constant 

 

 

Therefore, v2 = v1 

 

R-22 

T1 = -20
o
C 

x1 = 0.5036 

R-22 

p2 = 6 bar 

T  

v  

-20
o
C  

x1 = 0.5036 

6 bar 

0
o
C  (vg = 0.0470 m

3
/kg) 

2 

1 

. 

. 



PROBLEM 3.27 

 



PROBLEM 3.28 

 

 



PROBLEM 3.29 

 

 



PROBLEM 3.30 

 

 



PROBLEM 3.31 

 

A piston-cylinder assembly contains a two-phase liquid-vapor mixture of H2O at 200 lbf/in.
2
 

with a quality of 80%.  The mixture is heated and expands at constant pressure until a final 

temperature of 480
o
F is reached.  Determine the work for the process, in Btu per lb of H2O 

present. 

 

 

 
 

 
 

 

 

ANALYSIS:  Since the pressure is constant, Eq. 2.17 can be used to determine the work per unit 

mass of H2O.  First, fix each state and find the respective specific volumes. 

 

For State 1, the specific volume can be determined using Eq. 3.2 with data from Table A-3E, as 

follows. 

 

 v1 = vf1 + x1(vg1 – vf1) = 0.01839 + (0.8)(2.289 – 0.01839) = 1.835 ft
3
/lb 

 

At State 2, T2 > Tsat(200 lbf/in.
2
), so the state is in the superheated vapor region.  Interpolating in 

Table A-4e at 200 lbf/in.
2
 and 480

o
F we get 

 

 v2 ≈ 2.548 + [(480 – 450)/(500 – 450)]*(2.724 – 2.548) = 2.654 ft
3
/lb 

 

Now, with Eq. 2.17 

 

 W =              
  

  
 

Thus 

 

 W/m =              
  

  
 

 

               
   

    
              

   

  
 
        

     
  

     

          
  = 30.32 Btu/lb (out) 

 

Note, the work is positive, indicating that the transfer of energy is out of the system as expected. 

H2O 

 

p = 200 lbf/in.
2
 

p   

v   

. . 200 lbf/in.
2
  

480
o
 

f 

1   2  

x1 = 0.8  

ENGINEERING MODEL:  1. The water is a 

closed system.  2. The pressure is constant. 

SCHEMATIC AND GIVEN DATA: 

 



PROBLEM 3.32 

 

Seven lb of propane in a piston-cylinder assembly, initially at p1 = 200 lbf/in.
2
 and T1 = 200

o
F, 

undergoes a constant-pressure process to a final state.  The work for the process is – 88.84 Btu.  

At the final state, determine the temperature, in 
o
F, if superheated, and the quality if saturated.   

 

KNOWN:  Propane undergoes a process at constant pressure in a piston-cylinder assembly for 

which data are provided at the initial state and the work is specified. 

 

FIND:  Determine specified data at the final state.   

 

SCHEMAITC AND GIVEN DATA:   

 
 

 

 

ANALYSIS:  Two properties are required to fix the State 2.  One of these is the pressure, p2 = p1 

= 200 lbf/in.
2
  The other is specific volume found from the given values for work as follows. 

Since volume change is the only work mode and the pressure is constant, we can use Eq. 2.17 to 

get 

 W =     
  

  
 = mp(v2 – v1) 

Solving for v2 

  

 v2 = W/mp + v1 

 

From Table A-18E, v1 = 0.7026 ft
3
/lb.  Thus 

 

 v2 = 
            

          
   

    
 
          

     
  

     

       
  + 0.7025 ft

3
/lb = 0.3597 ft

3
/lb 

From Table A-17E we see that at 200 lbf/in.
2
, vf < v2 < vg.  thus, State 2 is a two-phase liquid-

vapor mixture, and the quality is 

 

 x2 = 
     

     
 = 

              

                
 = 0.662 (66.2%) 

 

 

 

 

 

 

 

 

 

Propane 

 

m = 7 lb 

p1 = 200 lbf/in.
2
 

T1 = 200
o
F 

W = -88.84 Btu 

 

ENGINEERING MODEL: (1) the 

given mass of propane is the closed 

system.  (2) Volume change is the only 

work mode.  (3) The process occurs at 

constant pressure.   

p 

v 

. . 200 lbf/in.
2
 

200
o
F 

1 2 



PROBLEM 3.33 

 

Two kg of Refrigerant 134A undergoes a polytropic process in a piston-cylinder assembly from 

an initial state of saturated vapor at 2 bar to a final state of 12 bar, 80
o
C.  Determine the work for 

the process, in kJ. 

 

KNOWN:  Refrigerant 134A undergoes a polytropic process in a piston-cylinder assembly. 

 

FIND:  Determine the work. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

ANALYSIS:  The work for the polytropic process is determined using Eq. 2.17, with pvn
 = 

constant.  Following the procedure of part (a) of Ex. 2.1 

 

 W =      
  

  
  

            

   
       (*) 

 

In order to evaluate this expression, we need to determine the specific volumes and the 

polytropic exponent, n.   

 

State 1:  From Table A-11; v1 = vg1 = 0.0993 m
3
/kg 

State 2:  From Table A-12, at 12 bar, 80
o
C; v2 = 0.02051 m

3
/kg 

 

The polytropic exponent is found from pvn
 = constant as follows. 

 

     
      

    →   
  

  
   

  

  
 

 

    →    n = ln(p1/p2) / ln(v2/v1) 

 

 n = ln(2/12) / ln(0.02051/0.0993) = 1.136 

 

Inserting values in Eq. (*) and converting units, we get 

 

R-134A 

m = 2 kg 12 bar 

2 bar 

80
o
C pvn

 = constant 

. 

. 2 

1 

v 

p  

ENGINEERING MODEL:  1. The refrigerant is a 

closed system.  2. The process is polytropic: pvn
 = 

constant.   



PROBLEM 3.33 (CONTINUED) 

 

 W = 
                                           

       
 
       

     
  

    

      
  = -69.88 kJ (in) 

 



PROBLEM 3.34 

 

 



PROBLEM 3.35 

 

 
 



PROBLEM 3.35 (Continued) 

 

 



PROBLEM 3.36 

 

 



PROBLEM 3.37 

 

 



PROBLEM 3.38 

 

For each of the following cases, determine the specified properties and show the states on a 

sketch of the T-v diagram.   

 

(a)  For Refrigerant 22 at p = 3 bar and v = 0.05 m
3
/kg, determine T in 

o
C and u in kJ/kg. 

(b)  For water at T = 200
o
C and v = 0.2429 m

3
/kg, determine p in bar and h in kJ/kg. 

(c)  For ammonia at p = 5 bar and u = 1400 kJ.kg, determine T in 
o
C and v in m

3
/kg. 

 

(a) For Refrigerant 22 at p = 3 bar and v = 0.05 m
3
/kg, determine T in 

o
C and u in kJ/kg. 

 
(b)  For water at T = 200

o
C and v = 0.4249 m

3
/kg, determine p in bar and h in kJ/kg. 

 
(c)  For ammonia at p = 5 bar and u = 1400 kJ.kg, determine T in 

o
C and v in m

3
/kg. 

 

T 

T 

T 

v 

v 

v 

. 

. 

. 

. . 

3 bar 

f g x 
-14.66 

o
C 

From Table A-8, vf < v < vg, so the state is in the two-phase 

liquid-vapor region and T = -14.66
o
C. 

 

The quality is  

x = (v - vf) / (vg - vf)  

   = (0.05 – 0.7521 x 10
-3

)/( 0.0765 – 0.7521 x 10
-3

) = 0.65 

 

The specific internal energy is 

u = uf + x(ug – uf)  

   = 27.99 + (0.65)(221.34 – 27.99) = 153.67 kJ/kg 

200 
o
C . 

g 

From Table A-2, v > vg, so the state is in the 

superheated vapor region.  Scanning across at a 

constant temperature of 200
o
C in Table A-4, we find 

that v = 0.4249 m
3
/kg at p = 5 bar. 

 

The specific enthalpy is 

h = 2855.4 kJ/kg 

 

g 
. 

44.46 
o
C 

5 bar 

From Table A-14, u > ug at 5 bar , so the state is in the superheated  

vapor region.  Interpolating in Table A-15 with p = 5 bar and u = 

1400 kJ/kg, we get 

 

 T ≈  40 
o
C + [(1400 – 1391.74)/(1428.76 – 1391.74)] (60 – 40

o
C) 

    = 44.46
o
C 

 

The specific volume is  

v ≈ 0.29227 + 

         [(1400 – 1391.74)/(1428.76 – 1391.74)] (0.31410 – 0.29277) 

   = 0.2971 m
3
/kg 

 



PROBLEM 3.39 

 

Determine the values of the specified properties at each of the following conditions and show the 

states on a sketch of the T-v diagram. 

(a)  For Refrigerant 22 at p = 60 lbf/in.
2
 and u = 50 Btu/lb, determine T in 

o
F and v in ft

3
/lb. 

(b)  For Refrigerant 134a at T = 120 
o
F and u = 114 Btu/lb, determine p in lbf/in.

2
 and v in ft

3
/lb. 

(c)  For water vapor at p = 100 lbf/in.
2
 and h = 1240 Btu/lb, determine T in 

o
F, v in ft

3
/lb, and u 

in Btu/lb. 

 

(a) For Refrigerant 22 at p = 60 lbf/in.
2
  and u = 50Btu/lb  in kJ/kg, determine T in 

o
F and v  in 

ft
3
/lb. 

 
 

 

 

(b)  For Refrigerant 134a at T = 120
o
F and u = 114 Btu/lb, determine p in lbf/in.

2
 and v in ft

3
/lb. 

 
 

 

 

 

 

 

 

 

T 

T 

v 

v 

. 

. 

. . 

60 lbf/in.
2
 

f g x 
21.96 

o
F 

From Table A-8E, uf < u < ug, so the state is in the two-phase 

liquid-vapor region and T = 21.96 
o
F. 

 

The quality is  

x = (u - uf) / (ug - uf)  

   = (50 – 16.48)/( 96.62 – 16.48) = 0.418 

 

The specific volume is 

v = vf + x(vg –vf)  

   = 0.01232 + (0.418)(0.9014 – 0.01232) = 0.384 ft
3
/lb 

120 
o
F . 

g 

From Table A-10E at 120
o
F, u > ug, so the state is in the 

superheated vapor region.  Scanning across at a constant 

temperature of 120
o
F in Table A-12E, we find that u = 114 m

3
/kg 

between pressures of 60 and 70 lbf/in.
2
 

 

Interpolating at T = 120
o
F and u = 114 Btu/lb, we get 

 

p  ≈ 60 + [(114 – 113.96)/(114.35 - 113.96)] (70 – 60)  

   = 61.03  lbf/in.
2
 

 

The specific volume is 

 

v ≈ 0.9482 + [(114 – 113.96)/(114.35 - 113.96)](0.8023 - 0.9482)          

    = 0.9332 ft
3
/lb 

 



PROBLEM 3.39 (CONTINUED) – PAGE 2 

 

(c)  For water vapor at p = 100 lbf/in.
2
 and h = 1240 Btu/lb, determine T in 

o
F, v in ft

3
/lb, and u 

in Btu/lb. 

 
 

T 

v 

. 

g 
. 

423.9 
o
F 

p = 100 lbf/in.
2
 

From Table A-3E, h > hg at 100 lbf/in.
2
, so the state is in the 

superheated vapor  region.  Interpolating in Table A-4E with p =  

100 lbf/in.
2
 and h = 1240 Btu/lb, we get 

 

 T ≈  400
o
F + [(1240 – 1227.5)/(1253.6 – 1227.5)] (450 – 400)

o
F 

    = 423.9
o
F 

 

The specific volume is  

v ≈ 4.934 + 

         [(1240 – 1227.5)/(1253.6 – 1227.5)] (5.265 – 4.934) 

   = 5.093 ft
3
/lb 

 



PROBLEM 3.40 

 

Using IT, determine the specified property data at the indicated states.  Compare with the results 

from the appropriate table.   

(a) Cases (a), (b), and (c) of Problem 3.38. 

(b) Cases (a), (b), and (c) of Problem 3.39. 

 

Problem 3.38 

Case (a) 
p=3  // bar 
v = 0.05  // m^3/kg 
x = x_vP("R22", v, p) 
u = usat_Px("R22", p, x)   
 

Case (b)  
T = 200  // C 
v = 0.4229  // m^3/kg 
v = v_PT("Water/Steam", p, T)   
h = h_PT("Water/Steam", p, T)   
 

Case (c)  
p = 5  // bar 
u = 1400  // kJ/kg 
u = u_PT("Ammonia", p, T)   
v = v_PT("Ammonia", p, T)   
 

Problem 3.39 

Case (a) 
p = 60  // lbf/in^2 
u = 50  // Btu/lb 
T = Tsat_P("R22", p) 
u = usat_Px("R22", p, x)   
v = vsat_Px("R22", p, x)   
 

Case (b) 
T = 120  // oF 
u = 114  // Btu/lb 
u = u_PT("R134A", p, T) 
v = v_PT("R134A", p, T)  
 

Case (c)  
p = 100  // lbf/in.^2 
h = 1240  // Btu/lb 
T = T_Ph("Water/Steam", p, h)   
v = v_Ph("Water/Steam", p, h) 
 

The results compare favorably.  Note that finding the states using IT requires identifying the 

region (e.g. superheated vapor, two-phase liquid-vapor,…) in order to choose the correct 

functional forms for the data expressions.   

 

IT Results 

T = -14.66
o
C   

x = 0.65 

u = 153.7 kJ/kg 
 

Table Results 

T = -14.66
o
C   

x = 0.65 

u = 153.67 kJ/kg 
 

IT Results 

p = 5.023 bar   

h = 2855 kJ/kg 
 

Table Results 

p = 5 bar 

h = 2855.4 kJ/kg 

IT Results 

T = 44.42
o
C   

v = 0.2972 m
3
/kg 

 

Table Results 

T = 44.46
o
C 

v = 0.2971 m
3
/kg 

IT Results 

T = 21.96
o
F   

x = 0.4187 

v = 0.3846 ft
3
/lb 

 
 

Table Results 

T = 21.96
o
F   

x = 0.418 

v = 0.384 ft
3
/lb 

 

IT Results 

p = 62 lbf/in.
2
 

v = 0.9153 ft
3
/lb 

 

Table Results 

p = 61.03 lbf/in.
2
 

v = 0.9332 ft
3
/lb 

 

Table Results 

T = 423.9
o
F 

v = 5.093 ft
3
/lb 

IT Results 

T = 424.1
o
F   

v = 5.095 ft
3
/lb 

 



PROBLEM 3.41 

 

 



PROBLEM 3.42 

 

 



PROBLEM 3.43 

 

 



PROBLEM 3.44 

 

 
 

(a) 

(b) 

(c) 

(d) 



PROBLEM 3.44 (CONTINUED) 

 

 
 

 

(e) 



PROBLEM 3.45 

 

 
 

 

 

 

 



PROBLEM 3.45 (CONTINUED) 

 

 



PROBLEM 3.46 

 

 



PROBLEM 3.47 

 

4.  The volume is constant.   



PROBLEM 3.48 

 

 



PROBLEM 3.49 

 

 



Revised 11-14 
 

Revised 11-14 
 

PROBLEM 3.50   

 

Refrigerant 22 undergoes a constant pressure process within a piston-cylinder assembly from 

saturated vapor at 4 bar to a final temperature of 30
o
C.  Kinetic and potential energy effects are 

negligible.  For the refrigerant, show the process on a p-v diagram. Evaluate the work and the 

heat transfer, each in kJ per kg of refrigerant. 

 

KNOWN:  Data are provided for a process of Refrigerant 22 in a piston-cylinder assembly. 

 

FIND:  Show the process on a p-v diagram and evaluate the work and heat transfer, each per unit 

mass of refrigerant. 

 

SCEMATIC AND GIVEN DATA: 

 
 

ANALYSIS:  The process is shown on the p-v diagram.  Since volume change is the only work 

mode and pressure is constant, Eq. 2.17 is used to evaluate the work, as follows. 

 

         
 

 
    →               

  

  
          

 

From Table A-8, v1 = vg(4 bar) = 0.0581 m
3
/kg, and from Table A-9,  v2 = 0.06872 m

3
/kg.  

Inserting values and converting units, we get 

    W12/m = (4 bar) (0.06872 – 0.0581) m
3
/kg  

       

     
  

    

      
  = 4.248 kJ/kg (out) 

 

Now, the energy balance reduces to                , or, with ΔU = m(u2 – u1) 

 

 Q12/m = (u2 – u1) + W12/m  

 

From Table A-8, u1 = ug(4 bar) = 224.24 kJ/kg, and from Table A-9, u2 = 245.73 kJ/kg.  Thus 

 

 Q12/m = (245.73 – 224.24) kJ/kg + (4.248 kJ/kg) = 25.738 kJ/kg (in) 

 

 

R - 22 

constant pressure process 

p  

v 

2 

1  

-6.56
o
C 

(Table A-8) 

30
o
C 

. . 
ENGINEERING MODEL: (1) The refrigerant 

is the closed system.  (2) The refrigerant expands 

at constant pressure.  (3) Volume change is the 

only work mode.  (4) Kinetic and potential 

energy effects are negligible. 

0              0 



PROBLEM 3.51 

 

For the system of Problem 3.26, determine the amount of energy transfer by heat, in kJ per kg of 

refrigerant.  Kinetic and potential energy effects can be neglected. 

 

KNOWN:  Refrigerant 22 undergoes a process involving energy transfer by heat in a closed, 

rigid tank. 

 

FIND:  Determine the amount of energy transfer by heat per kg of refrigerant. 

 

SCHEMATIC AND GIVEN DATA: 

State 1       State 2 

 

 

 

 

 

 

 

 

 

 
ANALYSIS:  To find the heat transfer, we start with the closed system energy balance: 

 

                 →      Q/m = (u2 – u1)    (*) 

 

Using data from Table A-7 with the given initial quality to determine the value of u1 

 

 u1 = uf1 + x1(ug1 – uf1) = 21.99 + 0.5036(219.37 – 21.99) = 121.39 kJ/kg 

 

From the solution to Problem 3.26; v2 = 0.0470 m
3
/kg.  Interpolating in Table A-9 at p2 = 6 bar, 

we get u2 ≈ 252.0 kJ/kg. 

 

Inserting values into Eq. (*)   

 

Q/m = (252.0 – 121.39) = 130.6 kJ/kg (in) 

V constant 

m constant 

 

 

Therefore, v2 = v1 

 

R-22 

T1 = -20
o
C 

x1 = 0.5036 

R-22 

p2 = 6 bar 

T  

v  

-20
o
C  

x1 = 0.5036 

6 bar 

2 

1 

. 

. 

ENGINEERING MODEL:  (1) The refrigerant is the 

closed system.  (2) The tank is rigid and there is no 

mechanism for work.  (3) Kinetic and potential energy 

effect can be neglected. 
 

0            0               0            



PROBLEM 3.52 

 

For the system of Problem 3.31, determine the amount of energy transfer by heat, in Btu, if the 

mass is 2 lb.  Kinetic and potential energy effects can be neglected. 

 

 

 

 

 

 

ANALYSIS:  To find the heat transfer, we start with the closed system energy balance: 

 

                 →      Q = m(u2 – u1) + W   (*) 

 

The initial specific internal energy can be determined using data from Table A-3E, as follows. 

 

 u1 = uf1 + x1(ug1 – uf1) = 354.9 + (0.8)(1114.6 – 354.9) = 962.7 Btu/lb 

 

Interpolating in Table A-4e at 200 lbf/in.
2
 and 480

o
F, we get u2 ≈ 1167.9 Btu/lb 

 

From the solution to Problem 3.31, W/m = 29.58 Btu/lb.  Therefore, W = (2 lb) (29.58 Btu/lb) = 

59.16 Btu.  Inserting values into Eq. (*) 

 

 Q = (2 lb)(1167.9 – 962.7) Btu/lb + (59.16 Btu) = 469.6 Btu (in) 

 

 

 

H2O 

 

p = 200 lbf/in.
2 

m = 2 lb 

 

p   

v   

. . 200 lbf/in.
2
  

480
o
 

f 

1   2  

x1 = 0.8  

SCHEMATIC AND GIVEN DATA: 

 

ENGINEERING MODEL:  1. The water is a closed 

system.  2. The pressure is constant.  3. Kinetic and 

potential energy effects can be neglected. 

0            0                        



PROBLEM 3.53 

 

For the system of Problem 3.33, determine the amount of energy transfer by heat, in kJ.  Kinetic 

and potential energy effects can be neglected. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

ANALYSIS: To find the heat transfer, we start with the closed system energy balance: 

 

                 →      Q = m(u2 – u1) + W   (*) 

 

Next, we find the specific internal energy values, as follows. 

 

State 1:  u1 = ug(2 bar) = 221.43 kJ/kg (Table A-11) 

 

State 2: p2 = 12 bar, T2 = 80
o
C:  u2 = 285.62 kJ (Table A=12) 

 

With W = -69.88 kJ (See the solution to Problem 3.33.), we get 

 

 Q = (2 kg) (285.62 – 221.43) kJ + (-69.88 kJ) = 58.5 kJ (in)   

 

R-134A 

m = 2 kg 12 bar 

2 bar 

80
o
C pvn

 = constant 

. 

. 2 

1 

v 

p  

ENGINEERING MODEL:  1. The refrigerant is a 

closed system.  2. The process is polytropic: pvn
 = 

constant.  3. Kinetic and potential energy effects can 

be neglected. 

0               0 



PROBLEM 3.54 

 

 



PROBLEM 3.55 

 

 



PROBLEM 3.56 

 

 



PROBLEM 3.57 

 

 



PROBLEM 3.58 

 

 



PROBLEM 3.59 

 

A well-insulated, rigid tank contains 1.5 kg of Refrigerant 134A initially a two-phase liquid-

vapor mixture with a quality of 60% and a temperature of 0
o
C.  An electrical resistor transfers 

energy to the contents of the tank at a rate of 2 kW until the tank contains only saturated vapor.  

For the refrigerant, locate the initial and final states on a T-v diagram and determine the time it 

takes, in s, for the process.   

 

KNOWN: An electrical resistor transfers energy to refrigerant in a well-insulated, rigid tank at a 

known rate.  Data are given for the initial and final state of the refrigerant. 

 

FIND:  Determine the time it takes for the process.  

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  Since the volume is constant for the closed system, v1 = v2.  At state 1, using data 

from Table A-10 at 0
o
C: 

 

 v1 = vf1 + x1( vg1 – vf1) = (0.7721 x 10
-3

) + (0.6)(0.0689 – 0.7721 x 10
-3

) = 0.04165 m
3
/kg 

and 

 u1 = uf1+ x1(ug1 – uf1) = 49.79 + (0.6)(227.06 - 49.79) = 156.15 kJ/kg 

 

To fix state 2, v2 = v1 = vg(T2).  Interpolating in Table A-10 with vg(T2) = 0.04165 m
3
/kg; T2 ≈ 

15.16
o
C, and u2 = ug(15.16

o
C) ≈ 235.33 kJ/kg. 

 

Using the energy balance with assumptions 2 and 4, we get  ΔKE + ΔPE + ΔU = Q – Welec  

Thus 

 Welec = m(u1 – u2) = (1.5 kg)(156.15 – 235.33)kJ/kg = -118.77 kJ 

 

The time is determined from Welec =    
          

    Δt as follows 

 

 Δt =        
     = (-118.77 kJ)/(-2 kW) 

    

      
  = 59.4  

Refrigerant 

134A 

m = 1.5 kg 

x1 = 0.6 
  

           
+ 

 

- 

T 

v 

0
o
C . 

. 

1 

2 
15.16

o
C 

V is constant 

m is constant     →  v1 = v2 

 

v1 = v2 

 

ENGINEERING MODEL:  (1)The refrigerant is a 

closed system.  (2) For the process, Q = 0.  (3) The 

volume is constant.  (4) Kinetic and potential energy 

effects can be neglected.  

0           0                     0 



PROBLEM 3.60 

 
 



PROBLEM 3.61 

 

 



PROBLEM 3.62 

 

 



PROBLEM 3.63 

 

 



PROBLEM 3.64 

 



PROBLEM 3.65 

 

Five lb of propane is contained in a closed, rigid tank initially at 80 lbf/in.
2
, 110

o
F.  Heat transfer 

occurs until the final temperature in the tank is 0
o
F.  Kinetic and potential energy effects are 

negligible.  Show the initial and final states on a T- v diagram and determine the amount of 

energy transfer by heat, in Btu. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  Since the volume and mass are constant, v1 =  v2.  At State 1, from Table A-18E; 

  

 v1 =  1.599 ft
3
/lb and u1 = 210.9 Btu/lb 

 

From Table A-16E at 0
o
F, v2 = 1.599 ft

3
/lb is between vf and  vg.  Thus, the state is a two-phase 

liquid-vapor mixture, and  

 

 x2 = 
      

       
 
             

            
 = 0.5878 

 

 u2 = uf2 + x2(ug2 – uf2) = 21.98 + (0.5878)(174.01 – 21.98) = 111.34 Btu/lb 

 

 

Applying the energy balance; ΔKE + ΔPE + ΔU = Q – W.  Thus 

 

 Q = m(u2 – u1) = (5 lb)(111.34 – 210.9) Btu/lb = - 497.8 Btu (out) 

 

 

Propane 

m = 5 lb 

p1 = 80 lbf/in.
2
 

T1 = 110
o
F 

 

          

 

T2 = 0
o
F 

V is constant 

m is constant   → v1 =  v2 

 

Q 

 

 

T 

2 

1 

80 lbf/in.
2
 

110
o

F 

0
o

F 

v 

. 

. 

ENGINEERING MODEL:  1. The propane is a closed 

system.  2. Volume is constant.  3.  Volume change is 

the only work mode, so W = 0.  4.  Kinetic and potential 

energy effects can be neglected. 

0           0                            0 



PROBLEM 3.66 

 

 

 



PROBLEM 3.67 

 

 



PROBLEM 3.68 

 

 



PROBLEM 3.69 

 

 

  T2 = 300 
oF 

 



PROBLEM 3.70 

 

 
 

 

 



PROBLEM 3.70 (CONTINUED) 

 

 

1.  An iterative solution can be developed using Eq. (2) together with Steam Table data.  However, this 

is less direct than Method #1, which centers only on interpolation with h2. 



PROBLEM 3.71 

 

 



PROBLEM 3.72 REVISED 12-14 

 

A piston-cylinder assembly contains 2 lb of water, initially at 100 lbf/in.
2
 and 400

o
F.  The water 

undergoes two processes in series: a constant pressure process followed by a constant volume 

process.  At the of the constant volume process, the temperature is 300
o
F and the water is a two-

phase liquid-vapor mixture with a quality of 60%.  Neglect kinetic and potential energy effects. 

 

(a) Sketch T-v and p-v diagrams showing the key states and the processes. 

(b)  Determine the work and heat transfer for each process, all in Btu. 

 

KNOWN: Water contained in a piston-

cylinder assembly undergoes two processes 

in series. 

 

FIND: Sketch the T-v and p-v diagrams and 

for each process determine Q and W. 

 

SCHEMATIC AND GIVEN DATA: 

 
 

 

 

 

 

 v3 = vf3 +x3(vg3 – vf3 ) = 0.01745 + (0.6)(6.472 – 0.01745) = 3.89 ft
3
/lb 

 

 u3 = uf3 + x3(ug3 – uf3) = 269.5 + (0.6)(1100.0 – 269.5) = 767.8 Btu/lb 

 

Note that v2 = v3 = 3.89 ft
3
/lb, and from Table A-3E we see that v2 < vg(100 lbf/in.

2
).  Thus 

 

 x2 = 
      

       
 =  

            

             
 = 0.8768 

Water 

m = 2 lb 

T 

p 

1 

 T  T 

v 

. 

2 

100 lbf/in.
2
 

400
o
F 

3 

x3 = 0.6 

v 

1 

. 

. 

. 
. 

. 2 

3 

100 lbf/in.
2
 

400
o
F 

300
o
F 

300
o
F 

x3 = 0.6 

ENGINEERING MODEL:  1. The `water is a 

closed system.  2. Volume change is the only work 

mode.  3.  Process 1-2 occurs at constant pressure and 

Process 2-3 occurs at constant volume.  4. Kinetic and 

potential energy effects can be neglected. 

 

ANALYSIS:  First, we fix each state.  State 1 is in 

the superheated vapor region.  From Table A-4E;  

v1 = 4.934 ft
3
/lb and u1 = 1136.2 Btu/lb. 

 

With T3 = 300
o
F and x3 = 0.6, we can evaluate v3 and 

u3 using data from Table A-2E at 300
o
F as follows. 

 

 



PROBLEM 3.72 – (CONTINUED) PAGE 2 

 

and 

 u2 = uf2 + x2(ug2 – uf2) = 298.3 + (0.8768)(1105.8 – 298.3) = 1006.3 Btu/lb 

 

Now, for Process 1-2 the pressure is constant.  Thus 

 

 W12 =                            
   

    
             

   

  
  

        

     
  

     

          
 

 

 
  

 

                   =  38.65 Btu (in) 

 

An energy balance reduces to give 

 

 Q12 = m(u2 – u1) + W12 = (2 lb)(1006.3 – 1136.2) Btu/lb + (– 38.65 Btu) = – 298.5 Btu (out) 

 

Now, for Process 2-3, the volume is constant, so W23 = 0   

 

And, the energy balance reduces to give 

 

 Q23 = m(u3 – u2) = (2 lb)(767.8 – 1006.3)But/lb = – 477 Btu (out) 

 

 

REVISED 12-14 



PROBLEM 3.73 
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PROBLEM 3.74 

 

 
  



PROBLEM 3.74 (CONTINUED) 

 

 



PROBLEM 3.75 

 

 



PROBLEM 3.76 

 

 



PROBLEM 3.77 

 

 



PROBLEM 3.78 

 

A system consisting of 1 kg of H2O undergoes a heat pump cycle composed of the following 

processes. 

 

Process 1-2: Constant-volume heating from p1 = 5 bar, T1 = 160
o
C to p2 = 10 bar. 

 

Process 2-3: Constant-pressure cooling to saturated vapor. 

 

Process 3-4: Constant-volume cooling to T4 = 160
o
C. 

 

Process 4-1: Isothermal expansion with Q41 = 815.8 kJ. 

 

Sketch the cycle on T-v and p-v diagrams.  Neglecting kinetic and potential energy effects, 

determine the coefficient of performance. 

 

KNOWN:  One kg of water undergoes a heat pump cycle consisting of four processes. 

 

FIND:  Sketch the cycle on T-v and p-v diagrams and determine the coefficient of performance. 

 

SCHEMATIC AND GIVEN DATA: 

 
 

 

 

 
 

 

 

 

Process 1-2: Constant-volume heating from 

p1 = 5 bar, T1 = 160
o
C to p2 = 10 bar. 

Process 2-3: Constant-pressure cooling to 

saturated vapor. 

Process 3-4: Constant-volume cooling to T4 

= 160
o
C. 

Process 4-1: Isothermal expansion with Q41 

= 815.8 kJ. 
 

T p 

v 

10 bar 

v 

160
o
C 

5 bar 

1 

2 

3 

4 . 
1 

2 3 

4 

. 

. 

. . 

. . 

. 5 bar 

ENGINEERING MODEL:  1. The water is the closed system. 2. Volume change is the 

only work mode.  3. Kinetic and potential energy effects can be ignored.  

10 bar 
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ANALYSIS:  Referring to Sec. 2.6.3, the coefficient of performance of a heat pump cycle is  

γ = Qout/Wcycle, where Wcycle = W12 + W23 + W34 + W41.   

 

Process 1-2:  Referring to Table A-2 at 160
o
C, p1 < psat so State 1 is in the superheated vapor 

region.  From Table A-4; v1 = 0.3835 m
3
/kg and u1 = 2575.2 kJ/kg. 

 

State is fixed by p2 = 10 bar and v2 = v1 = 0.3835 m
3
/kg.  Interpolating in Table A-4, we get 

u2 = 3231.8 kJ/kg.    

 

Since the volume is constant, W12 = 0, and the energy balance reduces to give 

 

 Q12 = m(u2 – u1) = (1 kg)(3231.8 – 2575.2) kJ/kg = 656.6 kJ 

 

Process 2-3: State 3 is saturated vapor at 10 bar.  From Table A-3; u3 = ug3 = 2583.6 kJ/kg and  

v3 = vg3 = 0.1944 m
3
/kg. 

 

For the constant-pressure cooling 

 

W23 =     
 

 
 = m p2(v3 – v2) = (1 kg)(                      

  

  
 
       

     
  

    

      
   

        = - 189.1 kJ 

 

The energy balance reduces to 

 

 Q23 = m(u3 – u2) + W23 = (1 kg)(2583.6 – 3231.8) kJ/kg + (-189.1kJ) = -837.3 kJ 

 

Process 3-4: State 4 is fixed by T4 = 160
o
C and v4 = v3 = 0.1944 m

3
/kg.  The state is in the two-

phase liquid-vapor region, so 

 

 x4 = 
      

       
  

                   

                    
 = 0.6317 

and 

 u4 = uf4 + x4(ug4 – uf4) = 674.86 + (0.6317)(2568.4 – 674.86) = 1871 kJ/kg 

 

With W34 = 0, the energy balance reduces to give 

 

 Q34 = m(u4 – u3) = (1 kg)(1871 – 2583.6)kJ/kg = -712.6 kJ 

 

Process 4-1:  Q41 = 815.8 kJ (given).  From the energy balance, m(u1 – u4) = Q41 – W41, so 

 

 W41 = m(u4 – u1) + Q41 = (1 kg)(1871 - 2575.2)kJ/kg + (815.8 kJ) = 111.6 kJ 

 

Finally, the net work is Wcycle = W12 + W23 + W34 + W41 = (0) + (-189.1) + (0) + (111.6) = -77.5 kJ 

 

1 



PROBLEM 3.78 (CONTINUED) – PAGE 3 

 

Now, Qout = Q23 + Q34 = (-837.3) + (-712.6) = -1549.9 kJ 

 

So, the coefficient of performance is  

 

 γ = (-1549.9 kJ)/(-77.5 kJ) = 20.0   

 

 

As a check, note that for every cycle, Qcycle = Wcycle.  So 

 

 Qcycle = Q12 + Q23 + Q134 + Q41 = (656.6) + (-837.3) + (-712.6) + (815.8) = -77.5 kJ 

 

Which agrees with the value of Wcycle calculated using the work quantities, as expected. 

 

1 

1 



PROBLEM 3.79 

 



PROBLEM 3.80 

 

 



PROBLEM 3.81 

 

 



PROBLEM 3.82 

 

 



PROBLEM 3.83 

 

 



PROBLEM 3.84 

 

 



PROBLEM 3.85 

 

 



PROBLEM 8.86 

 

 



PROBLEM 3.87 

 

 



PROBLEM 3.88 

 

 



PROBLEM 3.89 

 

 



PROBLEM 3.90 

 

 



PROBLEM 3.91 

 

 



PROBLEM 3.92 

 

Determine the volume, in m
3
, occupied by 2 kg of H2O at 100 bar, 400

o
C, using (a) data from the 

compressibility chart, (b) data from the steam tables. 

 

Compare the results of parts (a) and (b) and discuss. 

 

 

 

 

 

 

 

 

 

 

(a)  Using the compressibility chart, first we need to determine the reduced pressure and 

temperature.  From Table A-1: 

  pc = 220.9 bar    and    Tc = 647.3 K 

 

 pR = p/pc = (100)/(220.9) = 0.45 

           → (Figure A-1):  z ≈ 0.86 

 TR = T/Tc = (400 + 273.15)/(647.3) = 1.04 

 

Now, we can calculate the specific volume as follows. 

 

 v =  
 

  

 
  

 
 = (0.86) 

 
     

     

  

    
           

         
  

     

        
  

      

    
  = 0.0267 m

3
/kg 

 

So, the volume is:  V = m v = (2)(0.0267) = 0.0534 m
3
 

 

(b)  From Table A-4 at 100 bar, 400
o
C; v = 0.02641 m

3
/kg 

 

Thus, V = m v = (2)(0.02641) = 0.05282 m
3
 

  

Comments:  The compressibility chart gives a fairly accurate value considering the relative 

imprecision of reading values from the chart.  The percent difference is approximately 1.1%. 

 

Note also that the value of z is 0.86.  Hence, the ideal gas model is not particularly applicable at 

this state.  The ideal gas model would predict a volume of 0.03105 m
3
, which is about 15% low.   

 

H2O 

 

m = 2 kg 

p = 100 bar 

T = 400
o
C 

V = ?? 



PROBLEM 3.93 

 

Five kmol of oxygen (O2) gas undergoes a process in a closed system from p1 = 50 bar, T1 = 170 

K to p2 = 25 bar, T2 = 200 K.  Determine the change in volume, in m
3
. 

 

 
ANALYSIS:  Find the volumes at each state using V = Zn  T/p, with data for Z from the 

compressibility chart.   

 

From Table A-1 for oxygen (O2):  pc = 50.5 bar, Tc = 154 K. 

 

State 1:  pR1 = p1/pc = (50)/(50.5) ≈ 1 and TR1 = T1/Tc = (170)/(154) ≈ 1.1 

 

  From Figure A-1:  Z ≈ 0.71 

Thus 

 V1  = 
                     

  

      
        

        
 

     

       
  

      

    
  = 1.00 m

3
 

 

State 2: pR2 = p2/pc = (25)/(50.5) ≈ 0.5 and TR1 = T1/Tc = (200)/(154) ≈ 1.13 

 

  From Figure A-1:  Z ≈ 0.93 

Thus 

 V2 = 
                     

  

      
        

        
 

     

       
  

      

    
  = 3.09 m

3
 

Finally 

 

 ΔV = 3.09 – 1.00 = 2.09 m
3
  

 

 

Note that z ranges from 0.71 to 0.93.  Hence, the ideal gas model would not be particularly 

suitable for this calculation. 

 

 

 

Oxygen 

(O2) 

n = 5 kmol 

p1 = 50 bar 

T1 = 170 K → 

 

P2 = 25 bar 

T2 = 200 K 

ΔV = ? 



PROBLEM 3.94 

 

 



PROBLEM 3.95 

 

 



PROBLEM 3.96 

 

 



PROBLEM 3.97 

 

 



PROBLEM 3.98 

 

Five kg of butane (C4H10) in a piston-cylinder assembly undergo a process from p1 = 5 MPa, T1 = 

500 K to p2 = 3 MPa during which the relationship between pressure and specific volume is pv = 

constant.  Determine the work, in kJ. 

 

KNOWN:  Five kg of C4H10 undergo a process for which pv = constant in a piston-cylinder 

assembly between two states.   

 

FIND:  Determine the work. 

 

SCHEMATIC AND GIVEN DATA:   

 
ENGINEERING MODEL:  1. The Butane is a closed system. 2. The process is polytropic with 

pv = constant. 3. Volume change is the only work mode. 

 

ANALYSIS:  The work is given by W = m    
  

  
.  With pv = constant = p1v1 

 

 W = m 
      

 
  

  

  
 = (p1v1) m ln 

  

  
       (*) 

 

To evaluate W requires v1 and v2.  The compressibility chart can be used to obtain v1: From 

Table A-1; pc = 38 bar, Tc = 425 K, M = 58.12 kg/kmol. 

 

 pR1 = p1/pc = (50)/(38) = 1.32 

      Fig. A-2:  Z1 ≈ 0.67 

 TR1 = T/Tc = (500)/(425) = 1.18 

 

Accordingly, with v1 = Z1 (RT1/p1), we get 

 

 v1 = (0.67)
 
     

     

  

    
        

       
 

     

       
  

      

    
  = 0.0096  m

3
/kg 

Now, with pv = constant,  

 

              = [(5 MPa)(0.0096 m
3
)]/(3 MPa) = 0.016 m

3
 

 

Now, inserting values into (*), we get  

Butane 

(C4H10) 

m = 5 kg 

p1 = 5 MPa = 50 bar 

T1 = 500 K 
p1 = 3 MPa = 30 bar → 

pv = constant 



PROBLEM 3.98 (CONTINUED) – PAGE 2 

 

 W = (5 MPa)(0.0096 m
3
/kg)(5 kg) ln [(0.016)/(0.0096)] 

       

     
  

    

      
  

      =  122.6 kJ (out) 

 

Alternative Evaluation of    

 

pR1 = p1/pc = (50)/(38) = 1.32 

      Fig. A-2:     
 ≈ 0.6 

 TR1 = T/Tc = (500)/(425) = 1.18 

 

 v1 =   
   

   

  
  = (0.6) 

 
     

     

  

    
        

        
  

     

       
  

      

    
  = 0.0096 m

3
/g 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 3.99 

 

In a cryogenic application, carbon monoxide (CO) gas undergoes a constant pressure process at 

1000 lbf/in.
2
 in a piston-cylinder assembly from T1 = -100

o
F to T2 = -30

o
F.  Determine the work 

for the process, in Btu per lb of carbon monoxide present. 

 

KNOWN:  Carbon monoxide undergoes a constant pressure process in a piston-cylinder 

assembly.  Temperatures are known at the initial and final states. 

 

FIND:  Determine the work per unit mass of carbon monoxide present. 

 

SCHMEATIC AND GIVEN DATA: 

 
ENGINEERING MODEL:  1. The CO is a closed system. 

2.  The process is at constant pressure and volume change is the 

only work mode.   

 

ANALYSIS:  To evaluate the work, we note that W/m                
  

  
.  We need to 

determine the specific volumes at the initial and final states.   

 

From Table A-1E, for carbon monoxide: Tc = 239
o
R, pc = 34.5 atm and M = 28.01 lb/lbmol.  

Thus, using data from Figure A-1: 

 

State 1  TR1 = (360)/(239) = 1.5 

       Z1 ≈ 0.84 

  pR1 = (68.0)/(34.5) = 1.97 ≈ 2 

 

State 2  TR2 = (430)/(239) = 1.8 

       Z1 ≈ 0.94 

  pR2 = (68.0)/(34.5) = 1.97 ≈ 2 

 

Now, the specific volumes are 

 

 v1 = Z1RT1/p1 = 
       

    

     

      

     
         

              
 

     

       
  = 11.58 ft

3
/lb 

and 

 v2 = Z2RT2/p2 = 
       

    

     

      

     
         

              
 

     

       
  = 13.84 ft

3
/lb 

Carbon 

Monoxide 

(CO) 

 

T1 = -100
o
F = 360

o
R 

T2 = -30
o
F = 430

o
R 

 

p = 1000 lbf/in.
2
 = 68.0 atm 

 

p  

v 
 

1 2  

T1  
.  .  

T2  
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The work per unit mass is 

 

 W/m           = (1000 lbf/in.
2
)(13.84 – 11.58)

   

  
 
       

     
  

     

          
   

 

         =  418.3 Btu/lb (out) 

 

1.  Note that if the ideal gas model (Z=1) is used, the specific volumes become v1 = 13.79 ft
3
/lb 

and v2 =  14.72 ft
3
/lb, respectively.  The work is 172.1 Btu/lb, which is approximately a 59% 

difference.  Thus, assuming the ideal gas model gives substantial error in this case.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 



PROBLEM 3.100 

 

For what ranges of pressure and temperature can air be considered an ideal gas?  Explain your 

reasoning.  Repeat for H2O. 

 

The ideal gas equation is accurate for ranges of pressure and temperature for which Z ≈ 1.  We 

might arbitrarily consider the ideal gas model to be satisfactory if 0.96 ≤ Z ≤ 1.05 (5% 

deviation).  These are illustrated on the compressibility chart (Fig. A-2)below. 

 
We can use these envelopes to determine limits of pR and TR for which the ideal gas model is 

satisfactory. 

 

 pR < 0.1; Z is in the acceptable range for all temperatures 

 for TR = 2.0; pR < 7.2 

 for TR = 2.5; pR < 5.0 

 for TR = 3.5; pR < 3.5 

 for TR > 5.0; pR < 3.2 

 for TR > 15; pR < 7.0 

 

Since these conclusions are developed using the generalized compressibility chart, they apply for 

any substance.  Now, we can look specifically at air and water. 

 

 

 

Z = 1.05 Z = 0.95 



PROBLEM 3.100 (Continued) 

 

Air 

Table A-1 gives: Tc = 133 K and pc = 37.7 bar.  Thus 

 

 p < 3.77 bar; Z is in the acceptable range for all temperatures 

 for T = 266 K; p < 271 bar 

 for T = 333 K; p < 189 bar 

 for T = 466 K; p < 132 bar 

 for T > 665 K; p < 121 bar 

 for T > 1995 K; p < 264 bar 

 

Water 

Table A-1 gives: Tc = 647.3 K and pc = 220.9 bar.  Thus 

 

 p < 2.209 bar; Z is in the acceptable range for all temperatures 

 for T = 1295 K; p < 1591 bar 

 for T = 1618 K; p < 1145 bar 

 for T = 2666 K; p < 773 bar 

 for T > 3237 K; p < 1546 bar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



PROBLEM 3.101 

 

 



PROBLEM 3.102 

 

 
  



PROBLEM 3.102 

 

 



PROBLEM 3.103 

 

Check the applicability of the ideal gas model for 

(a) for water at 600
o
F and pressures of 900 lbf/in.

2
 and 100 lbf/in.

2
. 

(b) for nitrogen at -20
o
C and pressures of 75 bar and 1 bar. 

 

Check the applicability of the ideal gas model for 

 

(a)  Water at 600
o
F (1060

o
R), p1 = 900 lbf/in.

2
,  p2 = 100 lbf/in.

2
   

Method 1. Use Steam Table data. 

 

For T = 600
o
F (1060

o
R), p1 = 900 lbf/in.

2
;  Table A-4E gives v1 = 0.587 ft

3
/lb. 

Using the ideal gas equation of state 

 

 v1 = 
       

  
 = 

 
    

     

      

    
         

           
 

     

        
  = 0.701 ft

3
/lb 

 

In this case, the ideal gas model is not applicable. 

 

For T = 600
o
F (1060

o
R), p1 = 100 lbf/in.

2
; Table A-4E gives v2 = 6.216 ft

3
/lb. 

Using the ideal gas equation of state 

 

 v2 = 
       

  
 = 

 
    

     

      

    
         

           
 

     

        
  = 6.311 ft

3
/lb 

 

The ideal gas value is about 1.5% higher than the steam table value.  For many applications, this 

would be acceptable. 

 

Method 2.  Use the compressibility chart, Figure A-1.  From Table A-1E: Tc = 1165
o
R, pc = 

218.0 atm. 

 TR = T/Tc = (1060)/(1165) ≈ 0.91 

 

 pR1 = p1/pc = 
    

   

    

           
 

     

            
  =  0.28  →     Z1 ≈ 0.87 (not applicable) 

 

 pR2 = p2/pc = 
    

   

    

           
 

     

            
  =  0.03  →     Z1 ≈ 0.98 (acceptable) 

 

  



PROBLEM 3.103 (CONTINUED) 

 

(b) Nitrogen (N2) at -20
o
C and p1 = 75 bar, p2 = 1 bar 

 

Use the compressibility chart.  From Table A-1: Tc = 227 K, pc = 33.5 bar. 

 

TR = T/Tc = (273-20)/(227) ≈ 1.1 

 

 pR1 = p1/pc = 
        

          
 =  2.24  →     Z1 ≈ 0.42 (not applicable) 

 

 pR2 = p2/pc = 
       

          
 =  0.03  →     Z1 ≈ 1 (acceptable) 

 



Problem 3.104 

 

 



PROBLEM 3.105 

 

 



PROBLEM 3.106 

 

A closed, rigid tank is filled with a gas modeled as an ideal gas, initially at 27
o
C and a gage 

pressure of 300 kPa. The gas is heated, and the gage pressure at the final state is 367 kPa.  

Determine the final temperature, in 
o
C. The local atmospheric pressure is 1 atm.   

 

 

 

 

 

 

 

 

 

 

 

 

Using the ideal gas equation of state 

 

 p1V = mRT1  and p2V = mRT2  →   p2/p1 = T2/T1  or   T2 = (p2/p1)T1  (*) 

 

In this expression, the temperatures must be in K and the pressures must be on an absolute basis.  

Thus, T1 = 27 + 273.15 = 300.15 K, and the absolute pressures are 

 

 p1 = patm + p1(gage) = 101.325 kPa + 300 kPa = 401.3 kPa 

and 

 p2 = patm + p2(gage) = 101.325 kPa + 360 kPa = 461.3 kPa 

 

Finally 

 

 T2 = (p2/p1)T1 = (461.3/401.3)(300.15 K) = 345.0 K 

 

Or, in 
o
C 

 

 T2 = 345.0 – 273.15 = 71.85
o
C  

 

 

 

 

 

Gas 
T1 = 27

o
C 

p1 = 300 kPa (gage) 

p2 = 367 kPa (gage) 

 

patm = 1 atm = 101.325 kPa 

 

constant volume, fixed mass 

 



PROBLEM 3.107 

 

 

 

 

 

 

 

 

 

 

TR = T/Tc = (540
o
R)/(239

o
R) = 2.26;  pR = p/pc = (1 atm)/(37.2 atm) = 0.03 

 

 

 

 

From Fig. A-1:  Z ≈ 1 

 

Thus, with pV = mRT 

 

 m = 
  

  
 = 

       
   

    
             

 
    

     

      

     
        

 
        

     
  = 63.51 lb 

 

The weight is 

 

 Fgrav = mg = (63.51 lb)(32.0 ft/s
2
) 

     

             
  = 63.12 lbf 

 

 

 

12´ 

8´ 
9´ 

Air at 80
o
F 

1 atm 

Table A-1E 



PROBLEM 3.108 

 

 



PROBLEM 3.109 

 

 



PROBLEM 3.110 

 

 



PROBLEM 3.111 

 

As shown in Fig. 3.111, a piston-cylinder assembly fitted with a paddle wheel contains air, 

initially at p1 = 30 lbf/in.
2
, T1 = 540

o
F, and V1 = 4 ft

3
.  The air undergoes a process to a final state 

where p2 = 20 lbf/in.
2
, V2 = 4.5 ft

3
.  During the process, the paddle wheel transfers energy to the 

air by work in the amount 1 Btu, and there is energy transfer to the air by heat in the amount of 

12 Btu.  Assuming ideal gas behavior, and neglecting kinetic and potential energy effects, 

determine for the air (a) the temperature at state 2, in 
o
R, and (b) the energy transfer by work 

from the air to the piston, in Btu. 

 

KNOWN:  Data are provided for air contained in a piston-cylinder assembly fitted with a paddle 

wheel. 

 

FIND:  For the process of the air, find the temperature at the final state and the energy transfer 

by work to the piston. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

       
 

ANALYSIS: (a) Using the ideal gas equation of state 

 

 m = 
    

 
  

 
   

 = 
                    

 
    

     
 
      

     
         

 
        

     
  = 0.324 lb 

and 

 T2 = 
    

  
  

 
 
 = 

                      

           
    

     
 
      

     
 
 
        

     
  = 750

o
R 

 

(b)  Noting that W = Wpw + Wpist and ΔU  = m(u2 – u1) the energy balance reduces as follows. 

 

 ΔKE + ΔPE + ΔU  = Q – (Wpw + Wpist) 

 

 Wpist = Q – Wpw – m(u2 – u1)  

 

From Table A-22E:  u1 = 172.43 Btu/lb and u2 = 128.25 Btu/lb.  Thus 

 

 Wpist = ( 12 Btu) – ( 1 Btu) – (0.324 lb)(128.25 – 172.43)Btu/lb = 3.31 Btu (out)   

Wpw = - 1 Btu 

Q = - 12 Btu 

Wpist = ? ENGINEERING MODEL:  1. The air is the 

closed system.  2. Kinetic and potential energy 

effects are negligible.  3. The ideal gas model 

applies for the air. 



PROBLEM 3.112 

 

 



PROBLEM 3.113 

 

 



PROBLEM 3.114 

 

 



PROBLEM 3.115 

 

 

COMMENT:  Since the states visited in the process fall 

into the realm where the ideal gas model applies, the 

value of work determined using the ideal gas model agrees 

with Steam Table data, as expected. 



PROBLEM 3.116 

 

Two kilograms of oxygen fills the cylinder of a piston-cylinder assembly.  The initial volume 

and pressure are 2 m
3
 and 1 bar, respectively.  Heat transfer to the oxygen occurs at constant 

pressure until the volume is doubled.  Determine the heat transfer for the process, in kJ, 

assuming the specific heat ratio is constant, k = 1.35.  Kinetic and potential energy effects can be 

ignored. 

  

KNOWN:  Data are provided for oxygen contained within a piston-cylinder assembly 

undergoing a constant pressure process. 

 

FIND:  Determine the heat transfer. 

 

SCHEMAITC AND GIVEN DATA:   

 
ANALYSIS:  Applying the energy balance:  ΔKE + ΔPE + ΔU  = Q – W.   

 

The internal energy change can be expressed as ΔU  = m(u2 – u1).  Since k is constant, the 

specific heat cv is also constant, so ΔU  = m(u2 – u1) = m cv(T2 – T1).   

 

The work for the constant pressure expansion can be expressed as W =     
  

  
 = p(V2 – V1). 

 

Collecting results and solving for Q we get 

 

 Q = m cv(T2 – T1) + p(V2 – V1)                     (*) 

 

To evaluate T1, we use the ideal gas equation of state 

 

 T1 = 
   

  
  

 
 
 = 

             

       
     

    
 

  

    
 
 
       

     
  

    

      
  = 384.9 K 

 

Now, with p1 = p2 

 

 
  

  

 
   

  
 

  
  

 
   

  
  →      T2 = (V2/V1)T1 = (2)(384.9 K) = 769.8 K 

 

Using Eq. 3.47b, cv = (  /M)/(k – 1) = (8.314/32.00)/(1.35 – 1) = 0.742 kJ/kg∙K 

 

Oxygen 

m = 2 kg 

V1 = 2 m
3
 

p1 = p2 = 1 bar 

 

V2 = 2∙V1 = 4 m
3
 

ENGINEERING MODEL:  1. The oxygen is 

the closed system.  2.  The pressure is constant.  

3. The oxygen is modeled as an ideal gas and 

the specific heat ratio is constant: k = 1.35.   

4. Kinetic and potential energy effects can be 

neglected. 



PROBLEM 3.116 (CONTINUED) 

 

Now, inserting values in (*) 

 

Q = (2 kg)(0.742 kJ/kg∙K)(769.8 – 384.9)K + (1 bar)(4 – 2)m
3 

       

     
  

    

      
  

 
     = 771.2 kJ  (in) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



PROBLEM 3.117 

 

As shown in Fig. P3.117, 20 ft
3
 of air at T1 = 600 

o
R, 100 lbf/in.

2 
undergoes a polytropic 

expansion to a final pressure of 51.4 lbf/in.
2
  The process follows pV

1.2
 = constant.  The work is 

W = 194.34 Btu.  Assuming ideal gas behavior for the air, and neglecting kinetic and potential 

energy effects, determine 

(a)  the mass of air, in lb, and the final temperature, in 
o
R. 

(b)  the heat transfer, in Btu. 

 

KNOWN:  Air undergoes a polytropic process in a piston-cylinder assembly.  The work is 

known. 

 

FIND:  Determine the mass of air, the final temperature, and the heat transfer. 

 

SCHEMATIC AND GIVEN DATA:  

 
ENGINEERING MODEL:  1. The air is a closed system.  

2. Volume change is the only work mode.  3. The process is  

polytropic, with pV
1.2

 = constant and W = 194.34 Btu.  

4. Kinetic and potential energy effects can be neglected. 

 

 

ANALYSIS:  (a) The mass is determined using the ideal gas equation of state. 

 

 m = 
    

   
 = 

    
   

    
         

 
    

     
 
      

    
        

 
        

     
  = 9.00 lb 

 

To get the final temperature, we use the polytropic process, pV
1.2

 = constant, to evaluate V2 as 

follows. 

 

 V2 =  
  

  
 

 

   
   =  

   

    
 

 

   
(20 ft

3
)  = 34.83 ft

3
 

Now 

 

 

Air 

W = 194.34 Btu 

Q 
T1 = 600

o
R 

p1  = 100 lbf/in.
2
 

V1 = 20 ft
3
 

P2 = 51.4 lbf/in.
2
  

 

pV
1.2

 = constant 

p 

v 

100 

51.4 
2 

1 
T1 

T2 

pv1.2
 = constant 

. 

. 



PROBLEM 3.117 (CONTINUED)  

 

 T2 = 
    

  
 = 

     
   

    
            

          
    

     
 
      

    
 
 
        

     
  = 537

o
R 

 

Alternative solution for T2 

The work for the polytropic process can be evaluated using W =     
  

  
.  For the process pV

1.2
 = 

constant, and incorporating the ideal gas equation of state, we get 

 

 W = 
         

     
 = 

         

     
 

 

Solving for T2 and inserting values 

 

 T2 = 
        

  
 + T1 = 

                   

           
    

     
 
      

    
 
 
          

     
  + (600

o
R) = 537

o
R 

 

(b)  Applying the energy balance;  ΔKE + ΔPE + ΔU  = Q – W.  With ΔU  = m(u2 – u1), we get 

 

 Q = m(u2 – u1) + W 

 

From Table A-22E: u(600
o
R) = 102.34 Btu/lb and u(537

o
R) = 91.53 Btu/lb.  Thus, 

 

 Q = (9.00 lb)(91.53 – 102.34)Btu/lb + (194.34 Btu) = 97.05 Btu (in)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 3.118 

 

 
 

 



PROBLEM 3.119 

 

 
 

 



PROBLEM 3.120 

 

 
 

 



PROBLEM 3.121 

 

 



PROBLEM 3.122 

 

 
 

 



PROBLEM 3.123 

 
 



PROBLEM 3.124 

 

 
 

 

 



PROBLEM 3.125 

 

 
 

 



PROBLEM 3.126 

 

 
 



PROBLEM 3.127 

 

As shown in Fig. P3.127, a well-insulated tank fitted with an electrical resistor of negligible mass 

holds 2 kg of nitrogen (N2), initially at 300 K, 1 bar.  Over a period of 10 minutes, electricity is 

provided to the resistor at a constant voltage of 120 volts and with a constant current of 1 

ampere. Assuming ideal gas behavior, determine the nitrogen’s final temperature, in K, and the 

final pressure, in bar. 

 

KNOWN:  Data are provided for nitrogen contained in a well-insulated tank fitted with and 

electrical resistor.  Voltage is applied and a current flow for 10 minutes.   

 

FIND:  Determine the final temperature and pressure. 

 

SCHEMATICA ND GIVEN DATA:   

 
 

ANALYSIS:  Reducing the energy balance; ΔKE + ΔPE + ΔU  = Q   Welec.  Thus 

 

 ΔU  =   Welec    →   n(                 

 

where n = m/M = (2 kg)/(28.01 lg/kmol) = 0.0714 kmol denotes the amount of N2 on a molar 

basis.  Solving for     

 

                              (*) 

 

The value      = 6229 kJ/kmol can be read from Table A-23.  We will next evaluate the work and 

calculate the value of    .  Then, we can return to Table A-23 and interpolate to find T2. 

 

The rate of energy transfer by work (magnitude) in watts due to electric current flow through the 

resistance is  

 

 Rate of energy transfer in = (voltage)(amperage) = (120 volts)(1 ampere) = 120 watts 

Thus 

   
      -120 watts = - 0.12 kW 

 

Since the voltage and current are constant, the power is constant and the total amount of energy 

transfer by work for the 10 minute period is 

Nitrogen, N2 

m = 2 kg 

T1 = 300 K 

p1 = 1 bar 

120 volt 

1 ampere 

Δt = 10 minutes 
  

     

ENGINEERING MODEL: (1) The 

nitrogen in the tank is the closed system. 

(2) The tank is well-insulated, so we 

assume that   =0 (3) The resistor has 

negligible mass.  (4) The nitrogen can be 

modeled as an ideal gas.  (4) Kinetic and 

potential energy effects are negligible. 



 

PROBLEM 3.127 (CONTINUED) 

 

 Welec =    
          

       = (-0.12 kW)(10 min) 
      

     
  

      

    
  = -72 kJ 

 

Inserting values in (*) 

 

      (6229 kJ/kmol) – (-72 kJ)/(0.0714 kmol) = 7237.4 kmol 

 

From Table A-23; T2 = 348.4 K 

 

Since the volume is constant, the final pressure is  

 

 
     

  
 = V = 

     

  
   →  p2 = (T2/T1)p1 = (348.4/300)(1 bar) = 1.16 bar 

 

 

 

  



PROBLEM 3.128 

 

 
 

 



PROBLEM 3.129 

 

 

 
 



PROBLEM 3.130 

 

 
 



PROBLEM 3.131 

 

 
 

 



PROBLEM 3.131 (CONTINUED) 

 

 



PROBLEM 3.132 
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Problem 3.133 Two kg of nitrogen (N2) gas are contained in a closed, rigid tank surrounded by a 

10-kg water bath, as shown in Fig. P1.133. Data for the initial states of the nitrogen and water are 

shown on the figure. The entire unit is well-insulated, and the nitrogen and water interact until 

thermal equilibrium is achieved.  The measured final temperature is 34.1
o
C.  The water can be 

modeled as an incompressible substance, with c = 4.179 kJ/kg∙K, and the nitrogen is an ideal gas 

with constant cv.  From the measured data, determine the average value of the specific heat cv, in 

kJ/kg∙K.  

______________________________________________________________________________ 

 

KNOWN:  A tank of nitrogen gas is surrounded by a well-insulated water bath.  The gas and 

water are initially at different temperatures and they interact until equilibrium is achieved. 

 

FIND:  Determine the average values of the specific heat cv for the nitrogen.   

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS: Reducing the energy balance  

 

 ΔKE + ΔPE + ΔUw + Δ   
 = Q – W   →  ΔUw + Δ   

 = 0 

 

The final equilibrium temperature is T2.  With ΔUw = mwcw (T2 – T1,w) and Δ   
=    

cv(T2 -        
) 

 

 mwcw (T2 – T1,w) +    
cv(T2 -        

) = 0 

 

Solving for cv 

 

 cv = 
               

             
 = 

                               

                 
 = 0.741 kJ/kg∙K 

 

 

 

Nitrogen

10 kg 

water bath 

2 kg 

Nitrogen 

       
 = 50

o
C 

 

Water 

  T1, w = 20
o
C 

ENGINEERING MODEL: (1) As 

shown on the accompanying sketch, the 

closed system consists of the nitrogen 

tank and the water bath.  (2) W = 0 and 

Q = 0. (3) Kinetic and potential energy 

effects can be neglected.  (4) The water 

is an incompressible substance with cw = 

4.179 kJ/kg∙K. (5) The nitrogen is 

modeled as an ideal gas with constant cv.   



PROBLEM 3.134 

 

 



PROBLEM 3.135 

 

 
 

 



PROBLEM 3.136 

 

 
 



PROBLEM 3.137 

 

Carbon dioxide (CO2) is compressed in a piston-cylinder assembly from p1 = 0.7 bar, T1 = 280 K 

to p2 = 11 bar.  The initial volume is 0.262 m
3
.  The process is described by pV1.25

 = constant.  

Assuming ideal gas behavior and neglecting kinetic and potential energy effects, determine the 

work and heat transfer for the process, each in kJ, for (a) constant specific heats evaluated at 300 

K, and (b) data from Table A-23.  Compare the results and discuss. 

 

KNOWN:  Data are provided for the polytropic compression of carbon dioxide in a piston-

cylinder assembly.     

 

FIND:  Determine the work and heat transfer for the process using (a) constant specific heats, (b) 

data from Table A-23. 

 

SCHEMATIC AND GIVEN DATA: 

 
 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  Work is evaluated from W12 =     
  

  
 = 

           

      
 (See Example 2.1 for 

details).  For the polytropic process 

 

 V2 =  
  

  
 

 
     

V1 =  
       

      
 

 
     

(0.262 m
3
) = 0.02892 m

3
 

The work is 

 

 W = 
                                  

      
 

    

  

     
  

    

      
  =   53.89 kJ (in) 

 

carbon 

dioxide 

(CO2) 

 

p1 = 0.7 bar 

T1 = 280 K 

V1 = 0.262 m
3
  

pV
1.25

 = constant 

p2 = 11 bar 

 
p  

v  

. 

. 0.7 bar 

11 bar 

280 K 

T2 

ENGINEERING MODEL: (1) The carbon 

dioxide within the piston-cylinder assembly is 

a closed system. (2)  The process is polytropic, 

with pV1.25
 = constant.  (3)  Volume change is 

the only work mode.  (4)  Kinetic and potential 

energy effects can be neglected.  (5)  The 

carbon dioxide is modeled as an ideal gas with 

(a) constant specific heats, and (b) with 

variable specific heats. 



PROBLEM 3.137 (CONTINUED) 

 

Reducing the energy balance gives:  Q12 = m(u2 – u1) + W12 

 

The mass is 

 m = p1V1/RT1 = 
                   

 
     

     
 

  

    
        

 
       

     
  

    

      
  = 0.3467 kg 

 

and the final temperature is 

 

 T2 = p2V2/mR = 
                    

            
     

     
 

  

    
 
 
       

     
  

    

      
   = 485.7 K 

 

(a)  From Table A-20 for CO2 at 300 K; cv = 0.657 kJ/kg∙K.  Using constant specific heats, the 

energy balance becomes 

 

 Q  = mcv(T2 – T1) + W12 = (0.3467 kg)(0.657 kJ/kg∙K)(485.7 – 280)K + ( 53.89 kJ) 

 

        =   7.035 kJ (out) 

 

(b)  Using data from Table A-23:    1 = 6369 kJ/kmol and interpolating;   2 = 13004 kJ/kmol 

 

 Q  = m 
              

 
  + W12  

  

        = (0.3467) 
                    

             
  + (       kJ) =       kJ  (out) 

 

In this case, the assumption of constant specific heat results in a value for Q that differs from the 

variable specific heat value obtained using data from Table A-23 by approximately 334 %.  The 

assumption of constant specific heat evaluated at 300 K is questionable in this case. 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 3.138 

 

Air is contained in a piston-cylinder assembly, initially at 40 lbf/in.
2
 and 660

o
R.  The air expands 

in a polytropic process with n = k = 1.4 until the volume is doubled.  Modeling the air as an ideal 

gas with constant specific heats, determine (a) the final temperature, in 
o
R, and pressure, in 

lbf/in.
2
, and (b) the work and heat transfer, each in Btu per lb of air.   

 

KNOWN:  Data are provided for air undergoing a polytropic process while contained in a 

piston-cylinder assembly. 

 

FIND:  Determine the final temperature and pressure, and evaluate the work and heat transfer, 

each per unit mass of air present. 

 

SCHEMATIC AND GIVEN DATA:   

 
ENGINEERING MODEL: (1) The air is the closed system. 

(2) The process is polytropic, with pvk = constant.  (3) For the process, ΔKE = ΔPE = 0. 

(4) The air is modeled as an ideal gas with constant specific heats and k = 1.4.  (4) Volume 

change is the only work mode. 

 

ANALYSIS:  (a) For air as an ideal gas undergoing a polytropic process with n = k, we have 

from Sec. 3.15 

     
  

   
   

  

  
 
 

  and   
  

   
   

  

  
 
     

 

Thus 

 p2 = p1 
  

  
 
 

 = (40 lbf/in.
2
)(0.5)

1.4
 = 15.16 lbf/in.

2
 

and 

 T2 = T1 
  

  
 
     

 = (660
o
R)(0.5)

(1.4 – 1)
 = 500.2

o
R 

 

(b)  Since volume change is the only work mode, the work for the polytropic process can be 

expressed as W =     
  

  
 = m 

           

   
 .  With the ideal gas equation of state 

 

 W/m = 
        

   
 = 

 
     

     
 
   

     
              

     
 = 27.39 Btu/lb 

 

Air 

k = 1.4 

p1 = 40 lbf/in.
2
 

T1 = 660
o
R 

V2 = 2V1 

pvk = constant 

p  

v  

(1)  

(2)  

. 

. 

40 lbf/in.
2 

660
o
C  

p2  

T2  



PROBLEM 3.138 (CONTINUED) 

 

The energy balance reduces to  ΔU + ΔKE + ΔPE  = Q – W.  Incorporating the above expression 

for work 

 

 Q/m = cv (T2 – T1) + 
        

   
 

 

For an ideal gas; cv = R/(k-1) from Sec. 3.13.1.  Thus 

 

 Q12/m = 
        

   
 +

        

   
 = 0 

 

So, for an ideal gas with constant specific heats, the polytropic process with n = k is adiabatic. 
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Problem 3.139 Air contained in a piston-cylinder assembly undergoes two processes in series , 

as shown in Fig. P3.139. Assuming ideal gas behavior for the air, the work and heat transfer for 

the overall process, each in kJ/kg. 

 

KNOWN: Air contained in a piston-cylinder assembly undergoes two processes in series.   

 

FIND: For the overall process of the air, find the work and the heat transfer, in kJ/kg. 

 

 

 
 

 

 

 

 

 

 

 

Using the ideal gas equation of state, the mass is 

  

 m = p1V1/RT1 = 
               

 
     

     

  

    
        

 
       

     
  

    

      
  = 0.2323 kg 

 

So, W12/m = (40 kJ)/(0.2323 kg) = 172.2 kJ/kg 

 

For 2-3, T is constant and p = mRT/V, so 

 

 W23 =     
  

  
 = mRT  

  

 

  

  
 = mRT2 ln (V3/V2) 

 

 

0 

1 

2 

0 0.1 0.2 0.3 0.4 0.5 0.6 

ANALYSIS:  For 1-2, the work determined using Eq. 2.17 is  

 

 

 W12  =     
  

  
 = p(V2 – V1) = (2 bar)(0.3 – 0.1) m

3
/kg  

       

     
  

    

      
  = 40 kJ 

pressure is constant 

V (m
3
)           

p 

(bar) 

1          

3          

2          

ENGINEERING MODEL:  (1) The air 

in the piston-cylinder is the closed 

system.  (2) The air is modeled as an 

ideal gas.  (3) Kinetic and potential 

energy effects are ignored. 

Air 

. . 

. 

Isothermal 

process 

T1 = 300 K 
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Problem 3.139 (Continued) 

 

Process 1-2 is at constant pressure, so 
   

  
 = p1 = p2 = 

   

  
  →  T2 = (V2/V1)T1 = (0.3/0.1)(300 K) = 900 K 

Thus 

 W23/m = RT2 ln (V3/V2) = (8.314/28.97 kJ/kg∙K)(900 K) ln (0.6/0.3) = 179.0 kJ/kg 

 

The total work is  W/m  = W12/m + W23/m = 172.2 + 179.0 = 351.2 kJ/kg 

 

An energy balance for the overall process is obtained as follows: ΔKE + ΔPE + ΔU = Q – W  

 

 Q = ΔU + W = m(u3 – u1) + W  →   Q/m = (u3 – u1) + W/m    

 

With data from Table A-22 

 

 Q/m  = (674.58 – 214.07)kJ/kg + 351.2 kJ/kg = 811.7 kJ/kg 

 

 

1   Note that the heat transfers Q12 and Q23 could be determined from the respective energy  

balances, as follows 

 

  Q12 = (u2 – u1) + W12/m = (674.58 – 214.07) + (172.2) = 632.7 kJ/kg 

and 

  Q23 = (u3 – u2) + W23/m = (0) + 179.0 = 179.0 kJ/kg 

  

So, the total for the overall process is  Q = Q12 + Q23 = 632.7 + 179.0 = 811.7 kJ/kg 

which is the same result as above, as expected. 

 

 

 

1 



PROBLEM 3.140 

 

 
 



PROBLEM 3.141 

 

 



PROBLEM 3.142 

 

 



PROBLEM 3.142 (CONTINUED) 

 

 



PROBLEM 3.143 

 

One pound mass of air undergoes a cycle consisting of the following processes: 

 

Process 1-2: constant-pressure expansion with p = 20 lbf/in.
2
 from T1 = 500

o
R to v2 = 1.4 v1 

Process 2-3: adiabatic compression to v3 = v1 and T3 = 820
o
R 

Process 3-1: constant-volume process 

 

Sketch the cycle on a carefully-labeled p- v diagram.  Assuming ideal gas behavior, determine 

the energy transfers by heat and work for each process, in Btu. 

 

KNOWN:  Air undergoes a cycle consisting of three processes. 

 

FIND:  Sketch the cycle on a p- v diagram and calculate the energy transfers by heat and work 

for each process. 

 

SCHEMATIC AND GIVEN DATA: The following data are given for each process: 

Process 1-2: constant-pressure expansion with p = 20 lbf/in.
2
 from T1 = 500

o
R to v2 = 1.4 v1 

Process 2-3: adiabatic compression to v3 = v1 and T3 = 820
o
R 

Process 3-1: constant-volume process 

 

 ENGINEERING MODEL:  (1) the air is a closed system.  (2) The 

air behaves as an ideal gas.  (3) Kinetic and potential energy effects 

are negligible. 

 

ANALYSIS: First, fix each principal state.  For Process 1-2, the pressure is constant, so  

T2 = (v2/ v1)T1 = (1.4)(500) = 700
o
R.  The processes are shown on the accompanying p- v 

diagram: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Process 1-2  (constant pressure)  →  W12 =     
  

  
 = p(V2 – V1) = mR(T2 –T1) 

 

 W12 = (1 lb)( 
    

     
 
      

     
 (700 – 500) 

     

          
  =13.71 Btu (out) 

Air 

m = 1 lb 

p 

v 

(1) (2) 

(3) 

T1 = 500
o
R 

. 
T2 = 700

o
R 

T3 = 820
o
R 

. 

. 

adiabatic process 



 

 

PROBLEM 1.143 (CONTINUED) 

 

 

Energy balance:  ΔKE + ΔPE + ΔU = Q12 – W12 .  With data from Table A-22 

 

 Q12 = m(u2 – u1) + W12 = (1 lb)(119.58 – 85.20)Btu/lb + (13.71 Btu) = 48.09 Btu 

 

Process 2-3:  (adiabatic)  Q23 = 0 

 

 W23 = - m(u3 – u2) = - (1 lb)(140.47 – 119.58)Btu/lb = - 20.89 Btu (in) 

 

Process 3-1:  (constant volume)  W31 = 0 

 

 Q31 = m(u1 – u3) = (1 lb)(85.20 – 140.47)Btu/lb = -55.27 Btu (out) 

 

In Summary 

 

Wcycle = W12 + W23 + W31 = 13.71 + (-20.89) + 0 = - 7.18 Btu 

 

Qcycle = Q12 + Q23 + Q31 = 48.09 + 0 + (-55.27) = -7.18 Btu 

 

Wcycle = Qcycle (as expected) 

 

Note:  The cycle is a refrigeration/heat pump cycle. 

 

 

 

 

 
 



PROBLEM 3.144 

 

 
 

Process 1-2: Constant-temperature expansion at 600 K 

from p1 = 0.5 MPa to p2 = 0.4 MPa. 

Process 2-3:  Polytropic expansion with n = k to p3 = 

0.3 MPa. 

Process 3-4: Constant-pressure compression to V4 = V3. 

Process 4-1: Constant-volume heating.   

 



PROBLEM 3.144 (CONTINUED) 

 

 

. 



PROBLEM 3.145 

 
 



PROBLEM 3.145 (CONTINUED) 

 

 
 



PROBLEM 3.146 

 

A system consisting of 2 kg of carbon dioxide (CO2) gas initially at p1 = 1 bar, T1 = 300 K, 

undergoes a power cycle with the following processes: 

 

Process 1-2:  constant volume to p2 = 4 bar 

Process 2-3:  expansion with pv1.28
 = constant 

Process 3-1: constant-pressure compression 

 

Assuming the ideal gas model and neglecting kinetic and potential energy effects, 

(a)  sketch the cycle on a p-v diagram and calculate the thermal efficiency. 

(b)  plot thermal efficiency versus p2/p1 ranging from 1.05 to 4. 

 

KNOWN:  A system consisting of carbon dioxide gas undergoes a power cycle made up of three 

processes. 

 

FIND:  (a) Sketch the cycle on a p-v diagram and calculate the thermal efficiency of the cycle. 

(b) Plot the thermal efficiency versus p2/p1 ranging from 1.05 to 4. 

 

SCHEMATIC AND GIVEN DATA:  The following data are known for each process 

 

Process 1-2:  constant volume from p1 = 1 bar, T1 = 300 K, to p2 = 4 bar 

Process 2-3:  expansion with pv1.28
 = constant 

Process 3-1: constant-pressure compression 

 

ENGINEERING MODEL:  (1) The CO2 is a closed system.  (2) The CO2 behaves as an  

ideal gas.  (3) Process 2-3 is polytropic with pv1.28
 = constant.  (4) Kinetic and potential energy 

effects are negligible. 

ANALYSIS:  (a) First, for Process 1-2:  V2 = V1  →  T2 = (p2/p1)T1 = (4/1)(300K) = 1200 K.  

Further 

 V2 = V1 = 
    

  
 = 

       
     

     
 

  

    
       

       
 

     

       
  

      

    
  = 1.134 m

3
/kg 

Using the given p-v relation for Process 2-3 with v2 = V2/m = 0.567 m
3
/kg, and noting that p3 = 

p1 =1 bar 

 v3 =  
  

  
 

 

    
 v2 =  

     

     
 

 

    
(0.567 m

3
/kg) = 1.675 m

3
/kg 

and 

 T3 = 
    

 
 = 

          

 
     

     
 

 
   

   
  = 887K 

The p-v diagram is 

 

 

 

 

CO2 

m = 2 kg 
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The thermal efficiency is η = Wcycle/Qin, where Wcycle is the net work of the cycle and Qin is the 

total heat transfer into the system during the cycle.  Next, each process is analyzed. 

 

Process 1-2:  W12 = 0 (constant volume) 

 

 ΔKE +ΔPE + ΔU = Q12 – W12  →  Q12 = m(u2 – u1) 

 

With data from Table A-23 

 Q12 = (2 kg) 
                   

               
  = 1678 kJ (in) 

 

Process 2-3:  The work is determined using Eq. 2.17 and the given p-v relation 

 

 W23 =     
  

  
 =   

     

       
  

  
 = m 

         

      
  = 

         

      
  

 

         = 
       

     

     
 

  

    
             

      
 = 422.4 kJ (out) 

 

Using the energy balance with ΔKE =ΔPE = 0:  m(u3 – u2) = Q23 – W23 

 

 Q23 = m 
       

 
  + W23 = (2 kg)

                    

      
  

    
 

  + (422.4 kJ) = -237.8 kJ (out) 

Process 3-1:  Using Eq. 2.17 

 

 W31 =     
  

  
 = mp3(v1 – v3) = mR(T1 – T3) = (2 kg) 

     

     
 

  

    
            

 

         = -221.8 kJ (in) 

 

p  

 v  

T2 = 1200K  

T2 = 887K  

T1 = 300K  

(2) 

(1) (3) 
. 

. 

. 

pv1.28
 = constant 

Ideal gas 
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The energy balance reduces to 

 Q31 = m 
       

 
  + W31 = (2 kg) 

                   

      
  

    
 

  + (-221.8 kJ) = -1240 kJ (out) 

 

Finally, Wcycle = W12 + W23 + W31 and Qin = Q12, so 

 

 η = Wcycle/Qin = (W23 + W31)/Q12 = [422.4 + (-221.8)]/(1678) = 0.1195 (11.95%) 

 

Note:   

Qcycle = Q12 + Q23 + Q31 = (1678) + (-237.8) + (-1240) = -200.2 kJ 

 

 Wcycle = 422.4 + (-221.8) = 200.4 kJ 

so 

 Wcycle = Qcycle as expected (The slight difference is due to round-off.)  

 

(b) Using IT:Interactive Thermodyanimcs: 

 

 



PROBLEM 3.147 

 

Air undergoes a polytropic process in a piston-cylinder assembly from p1 = 1 bar, T1 = 295K to 

p2 = 7 bar.  The air is modeled as an ideal gas and kinetic and potential energy effects are 

negligible.  For a polytropic exponent of 1.6, determine the work and heat transfer, each in kJ per 

kg of air, 

(a) assuming constant cv evaluated at 300K. 

(b) assuming variable specific heats. 

 

Using IT, plot the work and heat transfer per unit mass of air for polytropic exponents ranging 

from 1.0 to 1.6.  Investigate the error in the heat transfer introduced by assuming constant cv. 

 

KNOWN:  Air undergoes a polytropic process from a known initial state to a given final 

pressure. 

 

FIND:  Determine the heat transfer and work per unit mass of air for (a) constant specific heats and 

(b) variable specific heats.  Plot the work and heat transfer per unit mass for a given range of 

polytropic exponents and investigate the error in heat transfer introduced by assuming constant cv.   

 

SCHEMATIC AND GIVEN DATA: 

 
ENGINEERING MODEL: (1) The air is a closed 

system.  (2)  The process is polytropic.  (3) The air 

behaves as an ideal gas.  (4) Volume change is the 

only work mode.  (5) Kinetic and potential energy effects can be neglected. 

 

ANALYSIS:  Begin by fixing State 2.  First, with v1 = RT1/p1 

 

 v1 = 
 
     

     
 

  

    
       

       
 

     

       
  

      

    
  = 0.8466 m

3
/kg 

 

From the polytropic process relation 

 p1  
 

 = p2  
   → v2 = (p1/p2)

1/n
 v1 = (1/7)

1/1.6
(0.8466 m

3
/kg) = 0.2509 m

3
/kg 

and 

T2 = p2 v2/R = 
                    

 
     

     
 

  

    
 

 
       

     
  

    

      
  = 612 K 

Now, the work is 

 

 W =     
  

  
 = m    

  

  
 = 

            

   
 = 

         

   
 

 

Air 

p1 = 1 bar 

T1 = 300K 

p2 = 7 bar 

pvn
 = constant 

p 

v 

1 bar 
(1) 

7 bar 

pv1.6
 = constant 

 

pv = constant 
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Thus 

 W/m  = 
 
     

     
 

  

    
           

     
 = - 151.62 kJ/kg (in) 

 

The heat transfer is found using the energy balance, as follows. 

 

 ΔKE + ΔPE + ΔU = Q – W  →  Q/m = (u2 – u1) + W/m    (*) 

 

(a)  From Table A-20, at 300K; cv = 0.718 kJ/kg∙K.  Thus, with (*) 

 

 Q/m  = cv(T2 – T1) + W/m = (0.718 kJ/ kg∙K)(612 – 295)K + (-151.62 kJ/kg) 

 

          = 75.99 kJ/kg (in) 

 

(b)  Using data from Table A-22:  u1 = 210.49 kJ/kg and u2 = 443.19 kJ/kg (interpolated) 

 

and 

 Q/m = (u2 – u1) + W/m = (443.19 – 210.49)kJ/kg + (-151.62 kJ/kg) = 81.08 kJ/kg 

 

Note:  The assumption of constant specific heat at 300 K leads to a value that is 6.28% lower 

than the values obtained using variable specific heats.   

 

(c)  The IT code is: 

 
 p1 = 1 // bar 
T1 = 295  // K 
p2 = 7  // bar 
n = 1.6 
R = 8.314/28.97 // kJ/kg-K 
 
 
v1 = v_Tp("Air",T1,p1)  
v2 = (p1/p2)^(1/n)*v1 
v2 = v_Tp("Air",T2,p2)   
 
W = R*(T2 - T1)/(1-n)  // kJ/kg 
 
cv = cv_T("Air",T1) 
Qa = cv*(T2 - T1) + W  // kJ/kg 
 
u1 = u_T("Air",T1) 
u2 = u_T("Air",T2) 
Qb = (u2 - u1) + W  // kJ/kg 
 
Error = ((Qa – Qb)/Qb)*100 
 
// Sweep n from 1.001 to 1.6 in steps of 0.01 
  
 
 

IT results for n = 1.6 
v1 = 0.8466 m3/kg 
v2 = 0.2509 m3/kg 
T2 = 612 K 
W/m = -151.6 kJ/kg 
(a) Qa/m = 75.66 kJ/kg 
(b) Qb/m = 81.83 kJ/kg 
% Error = -7.541% 
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Discussion 

The deviation of Q/m for constant specific heats and variable specific heats increases continually 

as n increases from 1 to 1.6.  

 

Note that Q/m = 0 at n ≈ k = 1.4.   

 

The percent error is small for n < 1.35 and then increases greatly as n approaches 1.4.  The error 

then becomes a large negative value at n > 1.4 and decreases rapidly, leveling out at about n = 

1.45.   However, when we look at the graph of Q/m versus n, we see that this is a numerical issue 

when Q/m approaches zero, since the absolute difference between the curves does not exhibit 

this phenomenon. 
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Variable cv
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PROBLEM 3.148 

 

Steam, initially at 700 lbf/in.
2
, 550

o
F undergoes a polytropic process in a piston-cylinder 

assembly to a final pressure of 3000 lbf/in.
2
  Kinetic and potential energy effects are negligible.  

Determine the heat transfer, in Btu per lb of steam, for a polytropic exponent of 1.6,  

(a)  using data from the Steam Tables. 

(b)  assuming ideal gas behavior. 

 

Using IT, plot the heat transfer per unit mass of steam for polytropic exponents ranging from 1.0 

to 1.6.  Investigate the error in the heat transfer introduced by assuming ideal gas behavior. 

 

KNOWN:  Steam undergoes a polytropic process from a known initial state to a given final 

pressure. 

 

FIND:  Determine the heat transfer per unit mass of steam (a) using Steam Table data and (b) 

assuming ideal gas behavior.  Using IT,  plot the heat transfer per unit mass of steam for 

polytropic exponents ranging from 1.0 to 1.6.  Investigate the error in the heat transfer introduced 

by assuming ideal gas behavior. 

 

SCHEMATIC AND GIVEN DATA: 

  
ENGINEEIRNG MODEL:  (1) The steam is a closed 

system.  (2)  The process is polytropic.  (3) Kinetic and 

potential energy effects are negligible.  (4) Volume is  

the only work mode.  (5) For part (b), the steam behaves 

as an ideal gas. 

 

SCHEMATIC AND GIVEN DATA:  The work is determined from 

 

 W =     
  

  
 = m 

     

 

  

  
dv   →  W/m  = 

           

   
     (*) 

 

The energy balance reduces to  ΔKE + ΔPE + ΔU = Q – W 

 

 Q/m = (u2 – u1) + W/m        (**) 

 

Further, from the polytropic process expression, v2 = (p1/p2)
1/n

 v1    (***) 

 

(a)  From Table A-4E: p1 = 700 lbf/in.
2
, T1 = 550

o
F; v1 = 0.728 ft

3
/lb and u1 = 1149.0 Btu/lb 

 

 

Steam 

p1 = 700 lbf/in.
2
 

T1 = 550
o
F 

p2 = 3000 lbf/in.
2
 

 

pvn
 = constant 

p   

v   

(1)  

550
o
F  

700 lbf/in.
2
 

3000 lbf/in.
2
  . . 

. 

pv1.6
 = constant 

 

pv = constant 
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 v2 = (p1/p2) v1 = (700/3000)
1/1.6

(0.728 ft
3
/lb) = 0.2932 ft

3
/lb 

Now 

 W/m = 
           

   
 = 

      
   

    
                           

     
 
        

     
  

     

          
   

 
                  =  - 114.1 Btu/lb (out) 

 

Interpolating in Table A-4E with p2 = 3000 lbf/in.
2
 and v2 = 0.2932 ft

3
/lb; u2 = 1382.6 Btu/lb 

 

 Q/m = (u2 – u1) + W/m = (1382.6 – 1149.0)Btu/lb + (-114.1 Btu/lb) = 119.5 Btu/lb (in) 

 

(b)  Using the ideal gas model for steam, Eq. (***) can be re-written as 

  

 T2 =  
  

  
 

 
   

 
 
T1 =  

    

   
 

       

   
(1010

o
R) = 1743.1

o
R 

 

And, Eq.(*) becomes 

 

 W/m  = 
           

   
 = 

        

   
 = 

 
    

     
 
      

     
                

     
 

     

          
  = -134.6 Btu/lb 

 

From Table A-23E:     = 6158.9 Btu/lbmol and     = 11413 Btu/lbmol.  Finally 

 

 Q/m = 
         

 
 + W/m = 

                       

              
 + (-134.6 Btu/lb) 

  

         = 156.8 Btu/lb (in) 

 

Note, the heat transfer value obtained using the ideal gas model is 23.8% higher than the value 

obtained using the Steam Tables.  This is a significant error. 

 

(c)  IT solution code: 

 
p1 = 700 // lbf/in.^2 
T1 = 550 //F 
p2 = 3000 // lbf/in.^2 
n=1.6 
// (a) Steam Table Solution 
W = ((p2*v2 - p1*v1)/(1-n))*(144/778)  // Btu/lb 
Q = (u2 - u1) + W  // Btu/lb 
v1 = v_PT("Water/Steam", p1, T1)  
v2 = ((p1/p2)^(1/n))*v1 
v2 = v_PT("Water/Steam", p2, T2)  
u2 = u_PT("Water/Steam", p2, T2) 
u1 = u_PT("Water/Steam", p1, T1) 
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// (b)  Idea Gas Solution 
R = 1545/(18.02*778)  // Btu/lb-R 
W_IG = (R*(T2_IG - T1)/(1-n))  // Btu/lb 

Problem 3.148 (Continued) – Page 3 
 
T2_IG = ((p2/p1)^((n-1)/n))*(T1+459.67) - 459.67 
u2_IG = u_T("H2O",T2_IG) 
u1_IG = u_T("H2O",T1) 
Q_IG = (u2_IG - u1_IG) + W_IG  // Btu/lb 
Error = ((Q - Q_IG)/Q_IG)*100 
// Sweep n from 1.001 to 1.6 in steps of 0.01 
 

 

 

 

 

 
 

 

 

Discussion 

The curves for Q/m deviate significantly form each other for the Steam Table solution and the 

ideal gas solution as n approaches 1 and as n approaches 1.6.  The deviation is minimal near n = 

1.3 (Q/m = 0). 

 

The percent error is increasingly negative for n < 1.28 and then fluctuates greatly as n 

approaches 11.3.  The error then becomes a large positive value at n > 1.3 and decreases rapidly, 

leveling out at about n = 1.4.   However, when we look at the graph of Q/m versus n, we see that 

this is a numerical issue when Q/m approaches zero, since the absolute difference between the 

curves does not exhibit this phenomenon. 
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IT Results for n = 1.6 
(a) Steam Tables 
v1 = 0.7275 ft

3
/lb 

v2 = 0.293 Btu/lb 
u1 = 1149 Btu/lb 
u2 = 1387 Btu/lb 
Q/m = 123.8 Btu/lb 
 
(b) Ideal Gas 
T2 = 1743

o
R 

Q/m = 156.2 Btu/lb 
 
%Error  = -20.7 
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4.1  A laser Doppler velocimeter measures a velocity of 8 m/s as water flows in an open 

channel.  The channel has a rectangular cross-section of 0.5 m by 0.2 m in the flow direction.  If 

the water density is a constant 998 kg/m
3
, determine the mass flow rate, in kg/s.   

 

KNOWN:  Velocity, cross-sectional area, and density of water flowing in a channel. 

 

FIND:  Mass flow rate, in kg/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. Flow is one-dimensional. 

2. Water density is constant at 998 kg/m
3
. 

 

ANALYSIS: 

The governing equation for one-dimensional flow in terms of density is 

 

AVm  

 

Substituting values and solving for the mass flow rate yield 

 

m/s) m)(8 0.2  m 5.0)(kg/m 998( 3 m = 798.4 kg/s   

A = 0.5 m  0.2 m

Water

V = 8 m/s

 = 998 kg/m3 Direction of flow
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4.2  Refrigerant 134a exits a heat exchanger through 0.75-in.-diameter tubing with a mass flow 

rate of 0.9 lb/s.  The temperature and quality of the refrigerant are −15
o
F and 0.05, respectively.  

Determine the velocity of the refrigerant, in m/s.   

 

KNOWN:  Mass flow rate, temperature, and quality of refrigerant 134a exiting a heat exchanger 

through 0.75-in.-diameter tubing. 

 

FIND:  Velocity, in m/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

ENGINEERING MODEL: 

1.  Flow is one-dimensional. 

 

ANALYSIS: 

The governing equation for one-dimensional flow in terms of specific volume is 

 

v

AV
m  

 

Solving for the velocity gives 

A
V

vm
  

 

At T = −15
o
F and x = 0.05, refrigerant 134a is liquid-vapor mixture.  Determining specific 

volume using quality and values from Table A-10E:  vf = 0.01163 ft
3
/lb and vg = 3.0286 ft

3
/lb: 

 

v = vf + x(vg – vf) = 0.01163 ft
3
/lb + (0.05)(3.0286 ft

3
/lb – 0.01163 ft

3
/lb) = 0.16248 ft

3
/lb  

 

Cross-sectional area of the flow based on tubing diameter is  

 

2

2

2
22 ft 00307.0

in. 144

ft 1
)in. 75.0(

44
A 


D  

 

Solving for the velocity yields 

 

2

3

ft 0.00307

/lb)ft 248lb/s)(0.16 (0.9
V  = 47.6 ft/s 

   

 

D = 0.75 in.

Refrigerant 134a

T = −15oF

x = 0.05

lb/s 9.0m
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4.3  Steam enters a 1.6-cm-diameter pipe at 80 bar and 600
o
C with a velocity of 150 m/s.  

Determine the mass flow rate, in kg/s. 

 

KNOWN:  Pressure, temperature, and velocity of steam entering a 1.6-cm-diameter pipe. 

 

FIND:  Mass flow rate, in kg/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1.  Flow is one-dimensional. 

 

ANALYSIS: 

The governing equation for one-dimensional flow in terms of specific volume is 

 

v

AV
m  

 

At p = 80 bar and T = 600
o
C, the steam is superheated vapor.  Obtaining specific volume of the 

steam from Table A-4:  v = 0.04845 m
3
/kg. 

 

Cross-sectional area of the flow based on pipe diameter is  

 

2

2

2
22 m 00020.0

cm 10000

m 1
)cm 6.1(

44
A 


D  

 

Solving for the mass flow rate yields 

 

/kgm 0.04845

m/s) )(150m (0.00020

3

2

m = 0.62 kg/s 

   

 

 

D = 1.6 cm

Steam

p = 80 bar

T = 600oC

V = 150 m/s
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4.4  Air modeled as an ideal gas enters a combustion chamber at 20 lbf/in.
2
 and 70

o
F through a 

rectangular duct, 5 ft by 4 ft.  If the mass flow rate of the air is 830,000 lb/h, determine the 

velocity, in ft/s.   

 

KNOWN:  Pressure, temperature, and mass flow rate of air entering a combustion chamber 

through a 5 ft by 4 ft rectangular duct. 

 

FIND:  Velocity, in ft/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. Flow is one-dimensional. 

2. Air is modeled as an ideal gas. 

 

ANALYSIS: 

The governing equation for one-dimensional flow in terms of specific volume is 

 

v

AV
m  

 

Solving for the velocity gives 

A
V

vm
  

 

Apply the ideal gas equation of state to solve for the specific volume of air.  Converting 

temperature to Rankine scale:  T = 70
o
F + 460 = 530

o
R.  Substituting values to obtain specific 

volume yields 

 

Air

p = 20 lbf/in.2

T = 70oF

Combustion

Chamber

lb/h 000,830m

A = 5 ft  4 ft



 2 

2

2

2
in. 144

ft 1

in.

lbf
 20

R)530(

lbmol

lb
97.28

Rlbmol

lbfft
1545


























p

RT
RTp vv = 9.81 ft

3
/lb 

 

Solving for the velocity yields 

 

s 3600

h 1

ft) ft)(4 (5

/lb)ft lb/h)(9.81 (830,000
V

3

 = 113.1 ft/s 

   

 



 1 

4.5  Air exits a turbine at 200 kPa and 150
o
C with a volumetric flow rate of 7000 liters/s.  

Modeling air as an ideal gas, determine the mass flow rate, in kg/s.   

 

KNOWN:  Pressure, temperature, and volumetric flow rate of air exiting a turbine. 

 

FIND:  Mass flow rate, in kg/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

ENGINEERING MODEL: 

1. Flow is one-dimensional. 

2. Air is modeled as an ideal gas. 

 

ANALYSIS: 

The governing equation for one-dimensional flow in terms of specific volume is 

 

v

AV
m  

 

Apply the ideal gas equation of state to solve for the specific volume of air.  Converting 

temperature to Kelvin scale:  T = 150
o
C + 273 = 423 K.  Substituting values to solve for specific 

volume gives 

2m

N
1000

kPa 1

kJ 1

mN 1000

kPa 200

K) 423(

kmol

kg
97.28

Kkmol

kJ
314.8























p

RT
RTp vv = 0.6070 m

3
/kg 

 

Solving for mass flow rate yields 

 

L 1

m 10

/kgm 0.6070

L/s) (7000 33

3



m = 11.5 kg/s   

Air

p = 200 kPa

T = 150oC

(AV) = 7000 L/s

Turbine



 

4.6
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4.8  Figure P4.8 shows a mixing tank initially containing 2000 lb of liquid water.  The tank is 

fitted with two inlet pipes, one delivering hot water at a mass flow rate of 0.8 lb/s and the other 

delivering cold water at a mass flow rate of 1.2 lb/s.  Water exits through a single exit pipe at a 

mass flow rate of 2.5 lb/s.  Determine the mass of water, in lb, in the tank after 30 minutes.   

 

KNOWN:  Initial mass of water in tank, two inlet mass flow rates, and exit mass flow rate. 

 

FIND:  Mass of water, in lb, in the tank after 30 minutes. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume encloses the water in the tank and has two inlets and one exit. 

2. The entering and exiting mass flow rates each remain constant. 

 

ANALYSIS: 

Apply a mass rate balance from the initial state when the tank contains 2000 lb of water until the 

final state after 30 minutes have elapsed and solve for the mass of water in the tank at the final 

state. 


e

e
i

i mm
dt

dm
cv  

 

321
cv mmm

dt

dm
   

 

Integrating and solving for the final mass of water in the tank give 

 

))(( 321initialfinal tmmmmm    

 

))(( 321initialfinal tmmmmm    

cold waterhot water

minitial = 2000 lb

1 2

3

lb/s 8.01 m lb/s 2.12 m

lb/s 5.23 m



 2 

min 1

s 06
)min 30)(

s

lb
5.2

s

lb
2.1

s

lb
8.0(lb 2000final m = 1100 lb 

 



1 

 

Problem 4.9 

 

 



2 

 

 

Problem 4.9, continued 
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Problem 4.10 

 

 
 

 

Fig. P4.10 
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4.11   An 8-ft
3
 tank contains air at an initial temperature of 80

o
F and initial pressure of 100 

lbf/in.
2
  The tank develops a small hole, and air leaks from the tank at a constant rate of 0.03 lb/s 

for 90 s until the pressure of the air remaining in the tank is 30 lbf/in.
2
  Employing the ideal gas 

model, determine the final temperature, in 
o
F, of the air remaining in the tank.   

 

KNOWN:  Air at specified initial temperature and pressure leaks from rigid tank until a final 

specified pressure is attained by the air remaining in the tank. 

 

FIND:  Final temperature of air remaining in tank, in 
o
F. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL: 

1. The control volume is defined by the dashed line on the accompanying diagram. 

2. Air can be modeled as an ideal gas. 

 

ANALYSIS: 

The ideal gas model can be applied to the final state, state 2, to determine the temperature of the 

air remaining in the tank. 

p2V2 = m2RT2 

 

Solving for temperature yields 

T2 = 
Rm

Vp

2

22  

 

Pressure and volume are known at state 2.  The mass in the tank at state 2, m2, equals the initial 

mass in the tank, m1, less the mass that leaks from the tank.  Since the mass flow rate, em , is 

constant, the amount of mass that leaks from the tank is   

 

em t = (0.03 lb/s)(90 s) = 2.7 lb 

 

The initial mass, m1, is obtained using the ideal gas equation of state 

 

t = 90 s

Process 1 → 2
Initial State – State 1 Final State – State 2

V1 = 8 ft3

T1 = 80oF

p1 = 100 lbf/in.2

Air Air

V2 = V1 = 8 ft3

p2 = 30 lbf/in.2

em = 0.03 lb/s

t = 90 s

Process 1 → 2
Initial State – State 1 Final State – State 2

V1 = 8 ft3

T1 = 80oF

p1 = 100 lbf/in.2

Air Air

V2 = V1 = 8 ft3

p2 = 30 lbf/in.2

em = 0.03 lb/s



 2 

m1 = 
1

11

RT

Vp
 

 

The gas constant, R, is the universal gas constant divided by the molecular weight of air.  

Temperature must be expressed on an absolute scale, T1 = 80
 o
F = 540

o
R.  Substituting values 

and applying the appropriate conversion factor yield 

 

m1 = 

 

 

2

2
3

2

ft 1

in. 144

R540

lbmol

lb
97.28

Rlbmol

lbfft
1545

ft 8
in.

lbf
100


































 = 4.0 lb 

 

Collecting results 

 

m2 = 4.0 lb – 2.7 lb = 1.3 lb 

 

Substituting m2 to solve for T2 yields 

 

T2 = 

 

 

2

2
3

2

ft 1

in. 144

lbmol

lb
97.28

Rlbmol

lbfft
1545

lb 3.1

ft 8
in.

lbf
30
































 = 498.5
o
R = 38.5

 o
F 

 

Note the need to convert the final temperature from 
o
R to 

o
F to provide the answer in the 

requested units. 
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Problem 4.12 

 

 
 

 



 1 

4.13  As shown in Fig. P4.13, river water used to irrigate a field is controlled by a gate.  When 

the gate is raised, water flows steadily with a velocity of 75 ft/s through an opening 8 ft by 3 ft.  

If the gate is raised for 24 hours, determine the volume of water, in gallons, provided for 

irrigation.  Assume the density of river water is 62.3 lb/ft
3
. 

 

KNOWN:  River water with velocity of 75 ft/s and density of 62.3 lb/ft
3
 flows steadily through 

an 8 ft by 3 ft opening for 24 hours. 

 

FIND:  Volume, in gallons, of river water provided for irrigation. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume encloses the water in the field, which is initially empty. 

2. The control volume has one inlet (through the gate) and no exits. 

3. Water flows through the gate steadily and one-dimensionally. 

4. Density of river water is constant at 62.3 lb/ft
3
. 

 

ANALYSIS: 

Since mass of water provided for irrigation can be expressed in terms of water density and 

volume, determine the water volume based on the water mass and density.  

 




m
VVm   

 

River Water

Vi = 75 ft/s

 = 62.3 lb/ft3
Field

Raised

Gate

Ai = 8 ft  3 ft



 2 

The mass flow rate of water entering the field, im , can be determined using the governing 

equation for one-dimensional flow in terms of density 

 




















s

ft
75ft) 3 ft 8(

ft

lb
3.62VA

3iiim  = 112,140 lb/s 

 

Apply a mass rate balance from the initial state when the gate is initially closed (mass of water in 

the field is zero) until the final state after 24 hours have elapsed with the gate open and solve for 

the mass of water at the final state. 

 


e

e
i

i mm
dt

dm
cv  

 

Since there is only one inlet and no exits, the mass rate balance reduces to  

 

im
dt

dm
cv  

Integrating, and solving yield 

 

)( initialfinalinitialfinal ttmmm i    

 

)( initialfinalinitialfinal ttmmm i    

 

h

s 3600
)h 24(

s

lb
140,112lb 0final 








m = 9.69 × 10

9
 lb 

 

Solving for the volume gives  

 

3

3

9

ft 13368.0

gallon 1

ft

lb
3.62

lb 1069.9 
V = 1.16 × 10

9
 gallons 
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4.14  Figure P4.14 shows a two-tier fountain operating with basins A and B.  Both basins are 

initially empty.  When the fountain is turned on, water flows with a constant mass flow rate of 10 

kg/s into basin A.  Water overflows from basin A into basin B.  Thereafter, water drains from 

basin B at a rate of 5LB kg/s, where LB is the height of the water in basin B, in m.  Dimensions of 

the basins are indicated on the figure.  Determine the variation of water height in each basin as a 

function of time.  The density of water is constant at 1000 kg/m
3
. 

 

KNOWN:  Water flows at a known rate into basin A.  Eventually, water overflows into basin B, 

which drains at a rate proportional to the water level. 

 

FIND:  Determine the variation with time of the water level in each basin. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume boundaries are shown on the accompanying diagram. 

2. The density of the water is constant at 1000 kg/m
3
. 

 

ANALYSIS: 

Consider first the control volume for basin A.  The mass rate balance is   

 


e

e
i

i mm
dt

dm
A  

 

Prior to basin A filling completely, there is no exiting mass flow.  The mass rate balance reduces 

to 

Water

r = 1000 kg/m3

Basin A 1 m

AA = 0.5 m2

5 m

AB = 1.0 m2

Basin B

kg/s 5 BLm 

kg/s 10m



2 

 

im
dt

dm
A = 10 kg/s 

 

where mA is the mass of water in basin A.  Writing the mass in terms of water height (LA), area 

(AA), and density (r):  mA = rAALA, and substituting 

 

dt

dLA
AAr = 10 kg/s 

 

Solving for the time rate of change of water height in basin A yields 

 

)m )(0.5kg/m 1000(

kg/s 10

A

kg/s 10
23

A

A 
rdt

dL
= 0.02 m/s 

 

Integrating 

LA(t) = 0.02[m/s]t + C 

 

where C is a constant that depends on the initial condition.  Thus, with LA = 0 at t = 0 s, the 

constant vanishes yielding 

LA(t) = 0.02[m/s]t 

 

When the tank is full, LA = 1 m.  Thus, 

 

1 m = 0.02[m/s]tfull 

 

m/s 02.0

m 1
full t = 50 s 

 

The variation of water height in basin A as a function of time is 

 

 0.02[m/s]t 0 ≤ t ≤ 50 s 

LA =   

 1 m t > 50 s 

 

This result is shown graphically below: 

 



3 

 

 
 

For basin B after basin A is full (after 50 s have elapsed) 

 


e

e
i

i mm
dt

dm
B  

 

ei mm
dt

dm
 B = 10 kg/s – 5LB [kg/s] 

 

Writing the mass in terms of water height (LB), area (AB), and density (r):  mB = rABLB, and 

substituting 

dt

dLB
BAr = 10 kg/s – 5LB [kg/s] 

 

Solving for the time rate of change of water height in basin B yields 

 

)m )(1.0kg/m 1000(

kg/s 5

)m )(1.0kg/m 1000(

kg/s 10

A

kg/s 5

A

kg/s 10
23

B
23

B

B

B

B LL

dt

dL


rr
 

 

dt

dLB = 0.01 m/s – 0.005LB [m/s]  

 

The solution to this differential equation is of the form 

 

0.2)( 005.0
B   tCetL   

 

where C is a constant that depends on the initial condition.  Thus, with LB = 0 at t = 50 s 

 

0 = Ce
–(0.005)(50)

 + 2.0 → C = –2.568  

 

The variation of water height in basin B as a function of time is 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 20 40 60 80 100 120 140

W
a

te
r 

H
ei

g
h

t 
(L

A
) 

[m
]

Time [s]

Water Height in Basin A as a Function of Time
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 0 0 ≤ t ≤ 50 s 

LB =   

 −2.568e
−0.005t

 + 2.0 t > 50 s 

 

This result is shown graphically below: 

 

 
 

For time greater than about 1000 seconds, the level in basin B remains at 2 m. 

0.0
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Problem 4.15 

 

 
 

 



 1 

4.16  Air enters a one-inlet, one-exit control volume at 6 bar, 500 K, and 30 m/s through a flow 

area of 28 cm
2
.  At the exit, the pressure is 3 bar, the temperature is 456.5 K, and the velocity is 

300 m/s.  The air behaves as an ideal gas.  For steady-state operation, determine 

(a)  the mass flow rate, in kg/s. 

(b)  the exit flow area, in cm
2
. 

 

KNOWN:  Air flows through a one-inlet, one-exit control volume with known pressure, 

temperature, and velocity at the inlet and exit. 

 

FIND:  Determine the mass flow rate and exit flow area. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL: 

1.  The control volume shown on the accompanying figure is at steady state. 

2.  The ideal gas model applies for the air. 

 

ANALYSIS: 

(a)  The mass rate balance for one-inlet, one-exit, steady flow is 

 

1m = mm  2  

 

For the inlet, state 1, the mass flow rate can be determined from given data and the ideal gas 

equation of state. 

1m = 
  1

111

1

11

/

VV

TMR

pA

v

A
  

 

Substituting values yields 

 

1m = 

   

 

24

22

52

cm 10

m

bar

m

N
10

K 500

kmol

kg
97.28

Kkmol

mN
8314

bar 6
s

m
30cm 28
































 = 0.351 kg/s 

 

p1 = 6 bar

T1 = 500 K

V1 = 30 m/s

Air

21

p2 = 3 bar

T2 = 456.5 K

V2 = 300 m/s

p1 = 6 bar

T1 = 500 K

V1 = 30 m/s

Air

21

p2 = 3 bar

T2 = 456.5 K

V2 = 300 m/s



 2 

(b)  The exit flow area can be determined from given data and the ideal gas equation of state. 

 

2m = 
  2

222

2

22

/

VV

TMR

pA

v

A
  

 

Solving for area 

 

A2 = 
 

22

22

V

/

p

TMRm
= 

 

 
2

24

2

5 m

cm 10

m

N
10

bar

bar 3
s

m
300

K 5.456

kmol

kg
97.28

Kkmol

mN
8314

s

kg
351.0









































= 5.1 cm
2
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Problem 4.17 

 

 

 
  SCHEMATIC AND GIVEN DATA:  See Fig. P4.17. 

 
 

P4.17, 

Fig. P4.17 



2 

 

  

Problem 4.17, continued 
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4.18  Refrigerant 134a enters the evaporator of a refrigeration system operating at steady state at 

–4
o
C and quality of 20% at a velocity of 7 m/s.  At the exit, the refrigerant is a saturated vapor at 

a temperature of –4
o
C.  The evaporator flow channel has constant diameter.  If the mass flow rate 

of the entering refrigerant is 0.1 kg/s, determine 

(a)  the diameter of the evaporator flow channel, in cm. 

(b)  the velocity at the exit, in m/s. 

 

KNOWN:  Refrigerant 134a flows through a constant-diameter evaporator entering as a 

saturated mixture at given temperature, quality, and velocity and exiting as a saturated vapor at a 

given temperature. 

 

FIND:  Determine the diameter of the flow channel and the velocity at the exit. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL: 

1.  The control volume shown on the accompanying figure is at steady state. 

 

ANALYSIS: 

(a) The diameter of the flow channel can be determined from the mass flow rate at the inlet, 

state 1 

1m = 
 


1

1
2
1

1

11 V4/V

v

D

v

A 
 D1 = 

2
1

1

11

V

4











vm
 

 

Apply the quality relation to determine the specific volume at state 1.  From Table A-10,  

vf1 = 0.0007644 m
3
/kg, vg1 = 0.0794 m

3
/kg.  Substituting to determine specific volume 

 

v1 = vf1 + x1(vg1 – vf1) 

 

v1 = 0.0007644 m
3
/kg + (0.20)(0.0794 m

3
/kg – 0.0007644 m

3
/kg) = 0.01649 m

3
/kg 

 

T1 = –4oC

x1 = 0.20

V1 = 7 m/s
2

1
T1 = –4oC

x1 = 1.0 (saturated vapor)

1m = 0.1 kg/s

R-134a

T1 = –4oC

x1 = 0.20

V1 = 7 m/s
2

1
T1 = –4oC

x1 = 1.0 (saturated vapor)

1m = 0.1 kg/s

R-134a



 2 

Substituting, applying the appropriate conversion factor, and solving for the diameter 

 

D1 = 

2
1

2

24

3

m

cm 10

s

m
7

kg

m
01649.0

s

kg
1.04

















































= 1.732 cm 

 

 

(b) The exit flow velocity can be determined from the mass flow rate being equal at inlet and 

exit: 

2

22

1

11 VV

v

A

v

A
m   

 

Since the diameter is constant throughout the channel, the inlet and exit areas are the same.  

Since the refrigerant is a saturated vapor at the exit, from Table A-10, v2 = vg2 = 0.0794 m
3
/kg.  

Solving for the exit velocity 

V2 = V1





































kg

m
01649.0

kg

m
0794.0

s

m
7

3

3

1

2

v

v
= 33.7 m/s 

 

As an alternative solution, the exit flow velocity can be determined from the mass flow rate at 

the exit, state 2  

2m = 
 


2

2
2
2

2

22 V4/V

v

D

v

A 
 V2 = 

2
2

224

D

vm




 

 

The mass flow rate is the same at the inlet and the exit based on the mass rate balance for one-

inlet, one-exit, steady flow.  The diameter is the same at the inlet and exit since the diameter is 

constant through the evaporator.  Since the refrigerant is a saturated vapor at the exit, from Table 

A-10, v2 = vg2 = 0.0794 m
3
/kg.  Substituting values and applying the appropriate conversion 

factor 

 

V2 = 
  2

24

2

3

m

cm 10

cm 1.732

kg

m
0794.0

s

kg
1.04




















 = 33.7 m/s 
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Problem 4.19 

 

 
 

P4.19, 

Fig. P4.17 

P4.19 
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Problem 4.19, continued 
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Problem 4.20 

 

 

 
 

Fig. P4.20 



 1 

4.21  Air enters a compressor operating at steady state with a pressure of 14.7 lbf/in.
2
 and a 

volumetric flow rate of 8 ft
3
/s.  The air velocity in the exit pipe is 225 ft/s and the exit pressure is 

150 lbf/in.
2
  If each unit mass of air passing from inlet to exit undergoes a process described by 

pv1.3 
= constant, determine the diameter of the exit pipe, in inches.   

 

KNOWN:  An air compressor operates at steady state with specified inlet pressure and 

volumetric flow rate and exit velocity and pressure. 

 

FIND:  The exit pipe diameter. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL: 

1.  The control volume shown on the accompanying figure is at steady state. 

2.  The air undergoes a polytropic process, pv1.3 
= constant, through the compressor. 

 

ANALYSIS: 

The mass flow rate is the same at the inlet and the exit based on the mass rate balance for one-

inlet, one-exit, steady flow. 

1m = 2m  

 

Then, with m = (AV)/v and A2 = (/4)D
2
, this becomes 

 

 

2

2
2
2

1

11 V4/V

vv

DA 
  

 

Solving for the exit diameter, D2, 

 

p1 = 14.7 lbf/in.2

A1V1 = 8 ft3/s

2

1

p2 = 150 lbf/in.2

V2 = 225 ft/s

pv1.3 = constant

Air Compressor

p1 = 14.7 lbf/in.2

A1V1 = 8 ft3/s

2

1

p2 = 150 lbf/in.2

V2 = 225 ft/s

pv1.3 = constant

Air Compressor



 2 

D2 = 
2

1

1

2

2

11

V

V4







































v

vA


 

 

The ratio of the specific volumes can be determined from the polytropic relationship, 

pv1.3 
= constant. 

p1v1
1.3

 = p2v 2
1.3

 
3.1

1

2

1

1

2










p

p

v

v
 

 

Substituting for the specific volume ratio 

 

D2 = 

2
1

3.1

1

2

1

2

11

V

V4










































p

pA


 

 

Substituting values and applying the appropriate conversion factor give 

 

D2 = 

2
1

2

2

3.1

1

2

2

3

ft

in. 144

in.

lbf
150

in.

lbf
7.14

s

ft
225

s

ft
8

4



































































= 1.04 in. 
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Problem 4.22 
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Problem 4.22, continued 
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Problem 4.22, continued 
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Problem 4.23 
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Problem 4.24 
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4.28  At steady state, air at 200 kPa, 325 K, and mass flow rate of 0.5 kg/s enters an insulated 

duct having differing inlet and exit cross-sectional areas.  The inlet cross-sectional area is 6 cm
2
.  

At the duct exit, the pressure of the air is 100 kPa and the velocity is 250 m/s.  Neglecting 

potential energy effects and modeling air as an ideal gas with constant cp = 1.008 kJ/kg∙K, 

determine 

(a) the velocity of the air at the inlet, in m/s. 

(b) the temperature of the air at the exit, in K. 

(c) the exit cross-sectional area, in cm
2
.   

 

KNOWN:  Air flow through a duct with varying cross-sectional area. 

 

FIND:  (a) the velocity of the air at the inlet, in m/s, (b) the temperature of the air at the exit, in 

K, and (c) the exit cross-sectional area, in cm
2
. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, 0cv W and stray heat transfer can be ignored. 

3. pe = 0. 

4. The air is modeled as an ideal gas with constant cp = 1.008 kJ/kg∙K. 

 

ANALYSIS: 

(a) Mass flow rate at the inlet is 
1

11
1

VA

v
m .  Substituting 

1

1
1

p

RT
v from the ideal gas equation 

of state and solving for the velocity give 

11

11
1

A
V

p

RTm
  

2

2

2

21

m

N
 1000

kPa 1

kJ 1

mN 1000

m 1

cm 10000

kPa) )(200cm (6

K) (325

kmol

kg
97.28

Kkmol

kJ
 8.314

kg/s) (0.5

V





















  

V1 = 388.6 m/s 

Air

p1 = 200 kPa

T1 = 325 K

A1 = 6 cm2

Duct

kg/s 5.01 m

p2 = 100 kPa

V2 = 250 m/s

1 2



 2 

(b) Since h = cpT for air with constant specific heat, the energy rate balance 

 

0 = mWQ cvcv
  [(h1 – h2) + ½ (V1

2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

0 = [cp(T1 – T2) + ½ (V1
2
 – V2

2
)] 

 

Solving for exit temperature gives 

 

 

2

22

2
1

2
2

12

s

mkg
1

N 1

mN 1000

kJ 1

Kkg

kJ
008.12

s

m
6.388

s

m
250

K 325
2

VV



































pc

TT  

 

T2 = 368.9 K 

 

(c) From the mass rate balance and ideal gas equation of state 

 

2

222

2

22
12

VAVA

RT

p
mm 

v
  

 

Solving for the exit area yields 

22

21
2

V
A

p

RTm
  

 

2

2

2

2

m

N
 1000

kPa 1

kJ 1

mN 1000

m 1

cm 10000

kPa) m/s)(100 (250

K) (368.9

kmol

kg
97.28

Kkmol

kJ
 8.314

kg/s) (0.5

A





















  

   

A2 = 21.2 cm
2
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4.29  Refrigerant 134a flows at steady state through a horizontal tube having an inside diameter 

of 0.05 m.  The refrigerant enters the tube with a quality of 0.1, temperature of 36
o
C, and 

velocity of 10 m/s.  The refrigerant exits the tube at 9 bar as a saturated liquid.  Determine 

(a) the mass flow rate of the refrigerant, in kg/s. 

(b) the velocity of the refrigerant at the exit, in m/s. 

(b) the rate of heat transfer, in kW, and its associated direction with respect to the refrigerant.   

 

KNOWN:  Refrigerant 134a flows through a tube. 

 

FIND:  (a) the mass flow rate of the refrigerant, in kg/s, (b) the velocity of the refrigerant at the 

exit, in m/s, and (c) the rate of heat transfer, in kW, and its associated direction with respect to 

the refrigerant. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, 0cv W , and pe = 0. 

 

ANALYSIS: 

(a) Mass flow rate at the inlet is 
1

1
2

1

11
1

V
4VA

vv












D

m



 .   

 

Specific volume of the refrigerant at the inlet is determined using quality 

 

v1 = vf1 + x1(vg1 – vf1) 

 

From Table A-10 at T1 = 36
o
C, vf1 = 0.0008590 m

3
/kg and vg1 = 0.0223 m

3
/kg.  Solving 

 

v1 = 0.0008590 m
3
/kg + (0.1)(0.0223 m

3
/kg – 0.0008590 m

3
/kg) = 0.003003 m

3
/kg 

 

Substituting values and solving for mass flow rate give 

 

 

kg

m
003003.0

s

m
01m 0.05

4
3

2

1






















m  

1m = 6.54 kg/s 

Refrigerant 134a

x1 = 0.1

T1 = 36oC

V1 = 10 m/s

Saturated liquid

p2 = 9 bar

1 2
D = 0.05 m
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(b) From the mass rate balance 

 

1

11

2

22
12

VAVA

vv
 mm   

 

Since the tube diameter is constant, the areas cancel.  Solving for exit velocity yields 

 











1

2
12 VV
v

v
 

 

Specific volume for the saturated liquid refrigerant at the exit is obtained from Table A-11: 

 

v2 = vf2 = 0.0008576 m
3
/kg 

 

Substituting and solving for the exit velocity give 

 































kg

m
003003.0

kg

m
0008576.0

s

m
01V

3

3

2  

 

V2 = 2.86 m/s 

 

(c) The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

mQ  cv [(h2 – h1) + ½ (V2
2
 – V1

2
)] 

 

Specific enthalpy of the refrigerant at the inlet is determined using quality 

 

h1 = hf1 + x1hfg1 

 

From Table A-10 at T1 = 36
o
C, hf1 = 100.25 kJ/kg and hfg1 = 166.15 kJ /kg.  Solving 

 

h1 = 100.25 kJ /kg + (0.1)(166.15 kJ /kg) = 116.87 kJ /kg 

 

Specific enthalpy for the saturated liquid refrigerant at the exit is obtained from Table A-11: 

 

h2 = hf2 = 99.56 kJ/kg 

 

 



 3 

 

Substituting values and solving for rate of heat transfer give 

 

 



























































s

kJ

kW

s

mkg
1

N 1

mN 1000

kJ 1

2

s

m
10

s

m
86.2

kg

kJ
 116.87-9.569

s

kg
54.6

2

22

cvQ  

 

cvQ = −113.5 kW 

 

Since the heat transfer rate is negative, heat transfer is from the refrigerant. 



1 

 

Problem 4.30 

 

 
 











 1 

4.34  Air with a mass flow rate of 2.3 kg/s enters a horizontal nozzle operating at steady state at 

450 K, 350 kPa, and velocity of 3 m/s.  At the exit, the temperature is 300 K and the velocity is 

460 m/s.  Using the ideal gas model for air with constant cp = 1.011 kJ/kg∙K, determine 

(a) the area at the inlet, in m
2
. 

(b) the heat transfer between the nozzle and its surroundings, in kW.  Specify whether the heat 

transfer is to or from the air. 

 

KNOWN:  Air flows through a nozzle. 

 

FIND:  (a) the area at the inlet, in m
2
, and (b) the heat transfer between the nozzle and its 

surroundings, in kW.  Specify whether the heat transfer is to or from the air. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, 0cv W , and pe = 0. 

3. Model air as an ideal gas with constant cp = 1.011 kJ/kg∙K. 

 

ANALYSIS: 

(a) Mass flow rate at the inlet is 
1

11
1

VA

v
m .  Substituting 

1

1
1

p

RT
v from the ideal gas equation 

of state and solving for the area give 

11

11
1

V
A

p

RTm
  

 

2

1

m

N
 1000

kPa 1

kJ 1

mN 1000

kPa) )(350
s

m
 (3

K) (450

kmol

kg
97.28

Kkmol

kJ
 8.314

kg/s) (2.3

A





















  

 

A1 = 0.2829 m
2
 

 

 

Air

T1 = 450 K

p1 = 350 kPa

V1 = 3 m/s

cp = 1.011 kJ/kg∙K

Nozzle

kg/s 3.21 m

T2 = 300 K

V2 = 460 m/s

1 2

?cv Q
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(b) Since h = cpT for air with constant specific heat, the energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

mQ  cv [cp(T2 – T1) + ½ (V2
2
 – V1

2
)] 

 

Substituting values and solving for rate of heat transfer give 

 

 





































































s

kJ

kW

s

mkg
1

N 1

mN 1000

kJ 1

2

s

m
3

s

m
460

K 450-003
Kkg

kJ
011.1

s

kg
3.2

2

22

cvQ  

 

cvQ = −105.5 kW 

 

Since the heat transfer rate is negative, heat transfer is from the air. 
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4.36  Nitrogen, modeled as an ideal gas, flows at a rate of 3 kg/s through a well-insulated 

horizontal nozzle operating at steady state.  The nitrogen enters the nozzle with a velocity of 20 

m/s at 340 K, 400 kPa and exits the nozzle at 100 kPa.  To achieve an exit velocity of 478.8 m/s, 

determine 

(a) the exit temperature, in K. 

(b) the exit area, in m
2
. 

 

KNOWN:  Nitrogen flows through a nozzle. 

 

FIND:  (a) the exit temperature, in K, and (b) the exit area, in m
2
. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, ,0cv W  ,0cv Q and pe = 0. 

3. Model nitrogen as an ideal gas. 

 

ANALYSIS: 

(a) The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

0 = [(h2 – h1) + ½ (V2
2
 – V1

2
)] 

 

Since enthalpy values for nitrogen are provided on a molar basis in Table A-23, the energy rate 

balance is expressed in terms of molar enthalpy 

 

M

hh )(
[0 1 2  + ½ (V2

2
 – V1

2
)] 

 

Solving for exit molar enthalpy, which is a function of only temperature, gives 

 

)VV(
2

2
1

2
21 2 

M
hh  

From Table A-23, kJ/kmol 98881 h  

From Table A-1 (nitrogen):  M = 28.01 kJ/kmol 

Nitrogen

T1 = 340 K

p1 = 400 kPa

V1 = 20 m/s

Nozzle

kg/s 31 m

p2 = 100 kPa

V2 = 478.8 m/s

1 2



 2 

 

Substituting values and solving for exit molar enthalpy give 

 














































































2

22

2

s

mkg
1

N 1

mN 1000

kJ 1

s

m
20

s

m
8.478

2

kmol

kg
01.28

kmol

kJ
9888h  

 

2h = 6683 kJ/kmol 

 

From Table A-23, the temperature that corresponds to the exit molar enthalpy is T2 = 230 K. 

 

(b) From the mass rate balance 

 

2

22
12

VA

v
 mm   

Substituting 
2

2
2

p

RT
v from the ideal gas equation of state and solving for the area give 

22

21
2

V
A

p

RTm
  

 

2

2

m

N
 1000

kPa 1

kJ 1

mN 1000

kPa) )(100
s

m
 (478.8

K) (230

kmol

kg
01.28

Kkmol

kJ
 8.314

kg/s) (3

A





















  

 

A2 = 0.004278 m
2
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4.41  Air modeled as an ideal gas enters a well-insulated diffuser operating at steady state at 270 

K with a velocity of 180 m/s and exits with a velocity of 48.4 m/s.  For negligible potential 

energy effects, determine the exit temperature, in K. 

 

KNOWN:  Air flows through a diffuser. 

 

FIND:  The exit temperature, in K. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. No stray heat transfer occurs between the air and its surroundings. 

3. Model the air as an ideal gas. 

4. For the control volume, pe = 0. 

 

ANALYSIS: 

The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

0 = (h1 – h2) + ½ (V1
2
 – V2

2
) 

 

For an ideal gas, specific enthalpy is a function of only temperature.  Solving for the exit specific 

enthalpy 

 h2 = h1 + ½ (V1
2
 – V2

2
) 

 

From Table A-22 at T1 = 270 K, h2 = 270.11 kJ/kg.  Substituting values and solving for exit 

specific enthalpy 

 

2

22

2

s

mkg
 1

N 1

mN 1000

kJ 1

2

s

m
4.48

s

m
180

kg

kJ
11.270
















































h = 285.14 kJ/kg 

 

 

From Table A-22 at h2 = 285.14 kJ/kg, the corresponding temperature is T2 = 285 K.   

Air

T1 = 270 K

V1 = 180 m/s Diffuser
V2 = 48.4 m/s1 2



1 

 

Problem 4.42 

 
 



























1 

 

Problem 4.52 

 

 
 



















1 

 

Problem 4.59 

 

 
  



2 

 

Problem 4.59, continued 

 

 

 
 

#1 
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4.62  Air, modeled as an ideal gas, is compressed at steady state from 1 bar, 300 K, to 5 bar, 500 

K, with 150 kW of power input.  Heat transfer occurs at a rate of 20 kW from the air to cooling 

water circulating in a water jacket enclosing the compressor.  Neglecting kinetic and potential 

energy effects, determine the mass flow rate of the air, in kg/s. 

 

KNOWN:  Air flows through a compressor. 

 

FIND:  The mass flow rate of the air, in kg/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, ke = 0 and pe = 0. 

3. Model air as an ideal gas. 

 

ANALYSIS: 

The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

0 = mWQ   cvcv (h1 – h2) 

 

Solving for mass flow rate gives 

12

cvcv

hh

WQ
m







  

 

Air

p1 = 1 bar

T1 = 300 K

Compressor

1

2

p2 = 5 bar

T2 = 500 K

(in)kW  150cv W(out)kW  20cv Q



 2 

Since heat transfer is from the control volume, kW. 20cv Q   Since power is to the control 

volume, kW. 150cv W   Using inlet and exit temperatures, specific enthalpy values are 

obtained from Table A-22:  h1 = 300.10 kJ/kg and h2  = 503.02 kJ/kg.  Substituting values and 

solving for mass flow rate give 

 

  kW

s

kJ

kg

kJ
300.19-03.025

kW) 150(kW) 20(




























m  

 

m = 0.64 kg/s 
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4.69  During cardiac surgery, a heart-lung machine achieves extracorporeal circulation of the 

patient’s blood using a pump operating at steady state. Blood enters the well-insulated pump at a 

rate of 5 liters/min.  The temperature change of the blood is negligible as it flows through the 

pump.  The pump requires 20 W of power input.  Modeling the blood as an incompressible 

substance with negligible kinetic and potential energy effects, determine the pressure change, in 

kPa, of the blood as it flows through the pump. 

 

KNOWN:  Blood flows through a pump. 

 

FIND:  The change in pressure, in kPa, of the blood as it flows through the pump. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. No stray heat transfer occurs between the blood and its surroundings. 

3. The temperature of blood does not change as it flows through the pump. 

4. Model the blood as an incompressible substance. 

5. For the control volume, ke = 0 and pe = 0. 

 

ANALYSIS: 

The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

mW   cv0 (h1 – h2) 

 

The change in specific enthalpy of an incompressible substance is determined using Eq. 3.19 

 

dTTchh
T

T
 )(

2

1
12  + v(p2 – p1) 

 

which simplifies to 

h2 – h1 = v(p2 – p1) 

Blood

(AV)1 = 5 L/min

1

2

(in) W 20cv W Pump



 2 

 

since temperature does not change.  Substituting into the energy rate balance 

 

)(0 21cv ppmW  v  

 

From the mass rate balance, 12 mm    and .
AV

v
m  Since blood is modeled as incompressible, 

v2 = v1.  Thus, volumetric flow rate, (AV), is constant.  Substituting AVvm gives 

 

))(AV(0 21cv ppW    

 

Since power is to the control volume,  W.20cv W   Solving for the pressure change 

 

 
min 1

s 60

m

N
1000

kPa 1

J 1

mN 1

 W1

s

J
 1

m10

L 1

min

L
5

 W20

)AV(
)(

2

33
cv

12

















-

W
pp


 

 

 

(p2 – p1) = 240 kPa 
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4.70  A pump is used to circulate hot water in a home heating system.  Water enters the well-

insulated pump operating at steady state at a rate of 0.42 gal/min.  The inlet pressure and 

temperature are 14.7 lbf/in.
2
, and 180

o
F, respectively; at the exit the pressure is 120 lbf/in.

2
  The 

pump requires 1/35 hp of power input.  Water can be modeled as an incompressible substance 

with constant density of 60.58 lb/ft
3
 and constant specific heat of 1 Btu/lb∙

o
R. Neglecting kinetic 

and potential energy effects, determine the temperature change, in 
o
R, as the water flows through 

the pump.  Comment on this change. 

 

KNOWN:  Water flows through a circulation pump. 

 

FIND:  The change in temperature, in 
o
R, as the water flows through the pump. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. No stray heat transfer occurs between the water and its surroundings. 

3. Model the water as an incompressible substance with constant specific heat of 1 Btu/lb∙
o
R and 

constant density of 60.58 lb/ft
3
. 

4. For the control volume, ke = 0 and pe = 0. 

 

ANALYSIS: 

The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

mW   cv0 (h1 – h2) 

 

The change in specific enthalpy of an incompressible substance with constant specific heat is 

given by Eq. 3.20b 

 h2 – h1 = c(T2 – T1) + v(p2 – p1) 

 

Water

p1 = 14.7 lbf/in.2

T1 = 180oF

(AV)1 = 0.42 gal/min

r = 60.58 lb/ft3

c = 1 Btu/lb∙oR

1

2

(in) hp 
35

1
cv W Pump

p2 = 120 lbf/in.2



 2 

Substituting into the energy rate balance and solving for the temperature difference yield 

 

 )()(0 2121cv ppTTcmW  v  

 

From the mass rate balance, 12 mm   and .AVrm  For water modeled as an incompressible 

substance, r2 = r 1. Solving for mass flow rate gives 

 

gal 1

ft 13368.0

s 60

min 1

min

gal
42.0

ft

lb
58.60

3

3
















m = 0.0567 lb/s 

 

Substituting for specific volume, v = 1/r, and solving for temperature change give   

 

c

pp

m

W

TT







 





r

)(

)(

21cv

12





 

 

Since power is to the control volume, hp. 35/1cv W   Solving for temperature change 

 

 

Rlb

Btu
1

1ft

in. 144

lbfft 778.17

Btu 1

ft

lb
58.60

in.

lbf
)1207.14(

s 3600

h 1

hp 1
h

Btu
 2545

s

lb
0.0567

hp 35/1

)(

2

2

3

2

12




































TT  

 

 

 (T2 – T 1) = 0.0346
o
R 

 

The temperature change of the water as it flows through the pump is a negligible increase. 
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Problem 4.80 

 

 

 
 



1 

 

Problem 4.81 

 

 

 
 

  



2 

 

Problem 4.81, continued 

 

 
 



1 

 

Problem 4.82 
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4.83  An open feedwater heater operates at steady state with liquid water entering inlet 1 at 10 

bar, 50
o
C, and a mass flow rate of 60 kg/s.  A separate stream of steam enters inlet 2 at 10 bar 

and 200
o
C.  Saturated liquid at 10 bar exits the feedwater heater at exit 3.  Ignoring heat transfer 

with the surroundings and neglecting kinetic and potential energy effects, determine the mass 

flow rate, in kg/s, of the steam at inlet 2. 

 

KNOWN:  Liquid water at given pressure and temperature and steam at given pressure and 

temperature enter a feedwater heater. Saturated liquid exits the feedwater heater at given 

pressure.   

 

FIND:  Determine the mass flow rate of steam entering at inlet 2. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL: 

1.  The control volume shown on the accompanying figure is at steady state. 

2.  Heat transfer and kinetic and potential energy effects can be neglected. 

3.  cvW  = 0 since a feedwater heater has no work associated with it. 

 

ANALYSIS: 

The steady-state mass rate balance gives 

 


i

im = 
e

em  

 

321 mmm    

The steady-state energy balance gives 

 

0 = cvcv WQ   + 
i

im (hi + ½ Vi
2
 + gzi) – 

e

em (he + ½ Ve
2
 + gze) 

Neglecting heat transfer and kinetic and potential energy effects and recognizing no work is 

associated with a feedwater heater, the energy balance simplifies to 

 

2

1

Saturated liquid

p3 = 10 bar

p2 = 10 bar

T2 = 200oC

3

Feedwater Heaterp1 = 10 bar

T1 = 50oC

kg/s 601 m

2

1

Saturated liquid

p3 = 10 bar

p2 = 10 bar

T2 = 200oC

3

Feedwater Heaterp1 = 10 bar

T1 = 50oC

kg/s 601 m



 2 

0 = 
i

im hi – 
e

em he 

0 = 1m h1 + 2m h2 – 3m h3 

 

Substituting for 3m  from the mass rate balance 

 

0 = 1m h1 + 2m h2 – ( 1m + 2m )h3 

 

Solving for 2m  

2m  = 
 

32

131

hh

hhm




 

 

At inlet 1, the water is compressed liquid.  From Table A-2, h1 ≈ hf1 = 209.33 kJ/kg. 

At inlet 2, the steam is superheated.  From Table A-4, h2 = 2827.9 kJ/kg. 

At exit 3, the water is saturated liquid.  From Table A-3, h3 = hf3 = 762.81 kJ/kg. 

 

Substituting values yields 

 

2m  = 

kg

kJ
81.762

kg

kJ
9.2827

kg

kJ
33.209

kg

kJ
81.762

s

kg
60





















= 16.08 kg/s 

 

The T-v diagram for the three state points is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T (oC)

v (m3/kg)

●

●
1

2

10 bar

200

179.9

50

●

3

T (oC)

v (m3/kg)

●

●
1

2

10 bar

200

179.9

50

●

3
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Problem 4.85 
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4.86  Three return steam lines in a chemical processing plant enter a collection tank operating at 

steady state at 1 bar.  Steam enters inlet 1 with flow rate of 0.8 kg/s and quality of 0.9.  Steam 

enters inlet 2 with flow rate of 2 kg/s at 200
o
C.  Steam enters inlet 3 with flow rate of 1.2 kg/s at 

95
o
C.  Steam exits the tank at 1 bar.  The rate of heat transfer from the collection tank is 40 kW.  

Neglecting kinetic and potential energy effects, determine for the steam exiting the tank 

(a) the mass flow rate, in kg/s. 

(b) the temperature, in 
o
C. 

 

KNOWN:  Three return steam lines enter a collection tank with one exit. 

 

FIND:  For the exiting steam (a) the mass flow rate, in kg/s, and (b) the temperature, in 
o
C. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, kinetic and potential energy effects can be ignored and .0cv W  

 

ANALYSIS: 

(a) The steady state form of the mass rate balance  

 

 

e

e

i

i mm   

reduces to 

4321 mmmm    

Substituting values gives 

 

4m = 0.8 kg/s + 2 kg/s + 1.2 kg/s = 4 kg/s 

 

(b) The steady state form of the energy rate balance 

 

Steam

p2 = 1 bar

T2 = 200oC

1

2

(out)kW  40cv Q

Collection

Tank

3

kg/s 8.01 m

kg/s 22 m kg/s 2.13 m

Steam

p3 = 1 bar

T3 = 95oC

4

Steam

p1 = 1 bar

x1 = 0.9

p4 = 1 bar



 2 

 





























e

e
e

ee

i

i
i

ii gz
V

hmgz
V

hmWQ
22

0
22

cvcv   

simplifies to 

44332211cv0 hmhmhmhmQ    

 

Solving for exit enthalpy, h4, gives 

 

4

332211cv
4

m

hmhmhmQ
h



 
  

 

Specific enthalpy of the steam at inlet 1 is determined using quality 

 

h1 = hf1 + x1hfg1  

 

From Table A-3 at p1 = 1 bar, hf1 = 417.46 kJ/kg and hfg1 = 2258.0 kJ/kg.  Solving 

 

h1 = 417.46 kJ/kg + (0.9)(2258.0kJ/kg) = 2449.66 kJ/kg 

 

Since steam at inlet 2 is superheated vapor, specific enthalpy, h2, is determined from Table A-4: 

 

h2 = 2875.3 kJ/kg 

 

Since steam at inlet 3 is compressed liquid, specific enthalpy, h3, is determined using Table A-2 

by  

h3 ≈ hf3 = 397.96 kJ/kg 

 

Since heat transfer is from the control volume, kW. 40cv Q   Substituting values into the 

energy rate balance and solving for the exit specific enthalpy yield 

 

 

s

kg
4

kg

kJ
96.397

s

kg
2.1

kg

kJ
3.2875

s

kg
2

kg

kJ
66.2449

s

kg
8.0

kW 1

s

kJ
 1

kW 40

4





















































h  

 

 h4 = 2036.97 kJ/kg 

 

From Table A-3 at p4 = 1 bar, hf4 = 417.46 kJ/kg and hg4 = 2675.5 kJ/kg.  Since, hf4 ≤ h4 ≤ hg4, 

state 4 is a two-phase, liquid-vapor mixture and T4 = Tsat4 at p4 = 1 bar.  From Table A-3, 

 

T4 = 99.63
o
C 
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4.87  A well-insulated tank in a vapor power plant operates at steady state.  Water enters at inlet 

1 at a rate of 125 lb/s at 14.7 lbf/in.
2
  Make-up water to replenish steam losses from the plant 

enters at inlet 2 at a rate of 10 lb/s at 14.7 lbf/in.
2
 and 60

o
F.  Water exits the tank at 14.7 lbf/in.

2
  

Neglecting kinetic and potential energy effects, determine for the water exiting the tank 

(a) the mass flow rate, in lb/s. 

(b) the specific enthalpy, in Btu/lb. 

(c) The temperature, in 
o
F. 

 

KNOWN:  Two water lines enter a well-insulated tank with one exit. 

 

FIND:  For the exiting water (a) the mass flow rate, in lb/s, and (b) the specific enthalpy, in 

Btu/lb. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, ,0cv W  ,0cv Q and kinetic and potential energy effects can be 

ignored. 

 

ANALYSIS: 

(a) The steady state form of the mass rate balance  

 

 

e

e

i

i mm   

reduces to 

321 mmm    

Substituting values gives 

 

3m = 125 lb/s + 10 lb/s = 135 lb/s 

 

  

Make-up Water

p2 = 14.7 lbf/in.2

T2 = 60oF

1

2

Tank

lb/s 1251 m

lb/s 102 m

3

Saturated Liquid Water

p1 = 14.7 lbf/in.2

x1 = 0

p3 = 14.7 lbf/in.2



 2 

(b) The steady state form of the energy rate balance 

 

 





























e

e
e

ee

i

i
i

ii gz
V

hmgz
V

hmWQ
22

0
22

cvcv   

simplifies to 

3322110 hmhmhm    

 

Solving for exit enthalpy, h3, gives 

 

3

2211
3

m

hmhm
h



 
  

 

Specific enthalpy of saturated liquid water at inlet 1 is obtained from Table A-3E at  

p1 = 14.7 lbf/in.
2
 

h1 = hf1 = 180.15 Btu/lb  

 

Make-up water at inlet 2 is a liquid.  Thus, specific enthalpy, h2, is  

 

h2 ≈ hf (60
o
F) = 28.08 Btu/lb 

 

Substituting values into the energy rate balance and solving for the exit specific enthalpy yield 

 

s

lb
135

lb

Btu
08.28

s

lb
10

lb

Btu
15.180

s

lb
125

3



































h  

 

 h3 = 168.89 Btu/lb 

 

(c) Since, h3 < hf4, state 3 is a compressed liquid.  The corresponding temperature can be 

determined from the approximation h3 ≈ hf3 at T3.  Interpolating in Table A-2E, T3 = 200.8
o
C. 
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4.88  Steam with a quality of 0.7, pressure of 1.5 bar, and flow rate of 10 kg/s enters a steam 

separator operating at steady state.  Saturated vapor at 1.5 bar exits the separator at state 2 at a 

rate of 6.9 kg/s while saturated liquid at 1.5 bar exits the separator at state 3.  Neglecting kinetic 

and potential energy effects, determine the rate of heat transfer, in kW, and its associated 

direction. 

 

KNOWN:  A steam separator operates with one inlet and two exits. 

 

FIND:  The rate of heat transfer, in kW, and its associated direction. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, kinetic and potential energy effects can be ignored, and .0cv W  

 

ANALYSIS: 

The steady state form of the mass rate balance  

 

 

e

e

i

i mm   

reduces to 

321 mmm    

Solving for 3m and substituting values give 

 

213 mmm   = 10 kg/s − 6.9 kg/s = 3.1 kg/s 

 

The steady state form of the energy rate balance 

 

Saturated Vapor

p2 = 1.5 bar

1

2

Steam

Separator

kg/s 101 m

kg/s 9.62 m

3

Saturated Mixture

p1 = 1.5 bar

x1 = 0.7

Saturated Liquid

p3 = 1.5 bar

?cv Q



 2 

 





























e

e
e

ee

i

i
i

ii gz
V

hmgz
V

hmWQ
22

0
22

cvcv   

simplifies to 

332211cv0 hmhmhmQ    

 

Solving for rate of heat transfer gives 

 

113322cv hmhmhmQ    

 

Specific enthalpy of the steam at inlet 1 is determined using quality 

 

h1 = hf1 + x1hfg1  

 

From Table A-3 at p1 = 1.5 bar, hf1 = 467.11 kJ/kg and hfg1 = 2226.5 kJ/kg.  Solving 

 

h1 = 467.11 kJ/kg + (0.7)(2226.5 kJ/kg) = 2025.66 kJ/kg 

 

At exit 2 steam is saturated vapor.  Specific enthalpy, h2, is determined from Table A-3 at  

p2 = 1.5 bar: 

h2 = hg2 = 2693.6 kJ/kg 

 

At exit 3 steam is saturated liquid.  Specific enthalpy, h3, is determined from Table A-3 at  

p3 = 1.5 bar:  

h3 = hf3 = 467.11 kJ/kg 

 

Substituting values into the energy rate balance and solving for rate of heat transfer yield 

 

s

kJ
 1

kW 1

kg

kJ
66.2025

s

kg
10

kg

kJ
11.467

s

kg
1.3

kg

kJ
6.2693

s

kg
9.6cv 


























































Q  

 

cvQ = −222.7 kW 

 

Since the rate of heat transfer has a negative sign, heat transfer is from the steam separator to 

the surroundings. 
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4.91  Steam enters a partially-open valve operating at steady state as saturated liquid at 300
o
F 

and exits at 60 lbf/in.
2
  Neglecting kinetic and potential energy effects and any stray heat transfer 

with the surroundings, determine the temperature, in 
o
F, and the quality of the steam exiting the 

valve.  

 

KNOWN:  Steam flows through a partially-open valve. 

 

FIND:  The temperature, in 
o
F, and the quality of the steam exiting the valve. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. For the control volume, ,0cv W  ,0cv Q ke = 0, and pe = 0. 

 

ANALYSIS: 

The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

h2 = h1  

 

Specific enthalpy of saturated liquid steam at inlet 1 is obtained from Table A-2E at  

T1 = 300
o
F 

h1 = hf1 = 269.7 Btu/lb  

 

Thus, h2 = 269.7 Btu/lb. 

 

From Table A-3E at p2 = 60 lbf/in.
2
, hf2 = 262.2 Btu/lb and hg2 = 1178.0 kJ/kg.   

Since, hf2 ≤ h2 ≤ hg2, state 2 is a two-phase, liquid-vapor mixture and T2 = Tsat2 at p2 = 60 lbf/in.
2
  

From Table A-3, 

T2 = 292.73
o
C 

 

Quality of the steam at the exit is determined using  

 

p2 = 60 lbf/in.2

Valve

Saturated Liquid Steam

T1 = 300oF

x1 = 0

1 2



 2 

2fg

2f2
2

h

hh
x


  

 

From Table A-3E at p2 = 60 lbf/in.
2
, hfg2 = 915.8 Btu/lb.  Substituting values and solving for 

quality give   

lb

Btu
8.915

lb

Btu
2.262

lb

Btu
7.269

2



x  

 

x2 = 0.0082 (0.82%) 
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4.93  A horizontal constant-diameter pipe with a build-up of debris is shown in Fig. P4.93.  Air 

modeled as an ideal gas enters at 320 K, 900 kPa, with a velocity of 30 m/s and exits at 305 K.  

Assuming steady state and neglecting stray heat transfer, determine for the air exiting the pipe 

section 

(a) the velocity, in m/s. 

(b) the pressure, in kPa.  

 

KNOWN:  Air flows through a pipe section with a build-up of debris. 

 

FIND:  For the air exiting the pipe section (a) the velocity, in m/s, and (b) the pressure, in kPa. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. Air is modeled as an ideal gas. 

3. For the control volume, ,0cv W  ,0cv Q and pe = 0. 

 

ANALYSIS: 

(a) The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

 

0 = (h1 – h2) + ½ (V1
2
 – V2

2
)  

 

Solving for exit velocity gives 

 

)(2VV 21
2

12 hh   

 

From Table A-22, h1 = 320.29 kJ/kg and h2 = 305.22 kJ/kg.  Solving for exit velocity 

 

N 1

s

mkg
1

kJ 1

mN 1000

kg

kJ
22.305

kg

kJ
29.3202

s

m
30V

22

2





















  

 

Air

T1 = 320 K

p1 = 900 kPa

V1 = 30 m/s

1 2

Debris

build-up

T2 = 305 K

D2 = D1



 2 

V2 = 176.2 m/s 

 

(b) From the mass rate balance and ideal gas equation of state 

 

2

222

1

111

2

22

1

11
12

VAVAVAVA

RT

p

RT

p
mm 

vv
  

 

Since the inlet and exit diameters are the same, the areas cancel as well as the gas constant.  

Solving for exit pressure yields 

 



















1

2

2

1
12

V

V

T

T
pp  

 



















K 320

K 305

m/s 176.2

m/s 30
kPa) (9002p  

 

p2 = 146.1 kPa 
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4.94  Liquid water enters a valve at 300 kPa and exits at 275 kPa. As water flows through the 

valve, the change in its temperature, stray heat transfer with the surroundings, and potential 

energy effects are each negligible. Operation is at steady state. Modeling the water as 

incompressible with constant  = 1000 kg/m
3
, determine the change in kinetic energy per unit 

mass of water flowing through the valve, in kJ/kg.  

 

KNOWN:  Water flows through a valve. 

 

FIND:  The change in kinetic energy per unit mass of water flowing through the valve, in kJ/kg. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume shown with the schematic is at steady state. 

2. No stray heat transfer occurs between the water and its surroundings. 

3. The temperature of water does not change as it flows through the valve. 

4. Model the water as an incompressible substance with constant  = 1000 kg/m
3
. 

5. For the control volume, pe = 0. 

 

ANALYSIS: 

The energy rate balance 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

0 = (h1 – h2) + ½ (V1
2
 – V2

2
) 

 

The change in specific enthalpy of an incompressible substance, Eq. 3.19,  

 

dTTchh
T

T
 )(

2

1
12  + v(p2 – p1) 

 

simplifies to 

h2 – h1 = v(p2 – p1) 

 

p2 = 275 kPa

Valve

Liquid Water

p1 = 300 kPa

1 = 1000 kg/m3

1 2



 2 

because temperature does not change.  Since water is modeled as incompressible, v2 = v1.  

Substituting v = 1/ for specific volume, substituting for the change in specific enthalpy into the 

energy rate balance, and solving for the change in kinetic energy give 

 

0 = v(p1 – p2) + ½ (V1
2
 – V2

2
) 

 

ke = ½ (V2
2
 – V1

2
) = 



)( 21 pp 
 

 

ke = 
 

mN 1000

kJ 1

kPa 1
m

N
1000

m

kg
0001

kPa 275kPa 300 2

3












 

 

 

ke = 0.025 kJ/kg 

 

The kinetic energy of the water increases slightly as it flows from the inlet to the exit of the valve. 
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4.96  Figure P4.96 provides steady-state data for a throttling valve in series with a heat 

exchanger.  Saturated liquid Refrigerant 134a enters the valve at a pressure of 9 bar and is 

throttled to a pressure of 2 bar.  The refrigerant then enters the heat exchanger, exiting at a 

temperature of 10
o
C with no significant decrease in pressure.  In a separate stream, liquid water 

at 1 bar enters the heat exchanger at a temperature of 25
o
C with a mass flow rate of 2 kg/s and 

exits at 1 bar as liquid at a temperature of 15
o
C.  Stray heat transfer and kinetic and potential 

energy effects can be ignored.  Determine 

(a) the temperature, in 
o
C, of the refrigerant at the exit of the valve. 

(b) the mass flow rate of the refrigerant, in kg/s. 

 

KNOWN:  Refrigerant 134a flows through a throttling valve in series with a heat exchanger 

while liquid water flows through the same heat exchanger in a separate line. 

 

FIND:  (a) the temperature, in 
o
C, of the refrigerant at the exit of the valve and (b) the mass flow 

rate of the refrigerant, in kg/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

ENGINEERING MODEL: 

1. Each component operates at steady state. 

2. No stray heat transfer occurs between the components and their surroundings. 

3. For both components, kinetic and potential energy effects can be ignored. 

4. For both components, 0cv W  and .0cv Q  

 

ANALYSIS: 

(a) The energy rate balance for the valve 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

simplifies to 

h2 = h1  

 

Specific enthalpy of saturated liquid refrigerant 134a at inlet 1 is obtained from Table A-11 at  

1 2

Heat exchanger

3

Saturated

liquid R-134a

at p1 = 9 bar

kg/s 24 m

p2 = 2 bar

p3 = p2

T3 = 10oC

T5 = 15oC

p5 = p4

5 4

Water

T4 = 25oC

p4 = 1 bar

Valve



 2 

p1 = 9 bar 

h1 = hf1 = 99.56 kJ/kg  

Thus, h2 = 99.56 kJ/kg. 

 

From Table A-11 at p2 = 2 bar, hf2 = 36.84 kJ/kg and hg2 = 241.30 kJ/kg.  Since, hf2 ≤ h2 ≤ hg2, 

state 2 is liquid-vapor mixture and T2 = Tsat2 at p2 = 2 bar.  From Table A-11, 

 

T2 = −10.09
o
C 

 

(b) Since the refrigerant and water do not mix in the heat exchanger, the steady state mass 

balance reduces to  

32 mm    

 

54 mm   = 2 kg/s 

 

The steady state form of the energy rate balance for the heat exchanger 

 

 





























e

e
e

ee

i

i
i

ii gz
V

hmgz
V

hmWQ
22

0
22

cvcv   

simplifies to 

553344220 hmhmhmhm    

 

or substituting results from the mass balance 

 

)()(0 544322 hhmhhm    

 

Solving for the mass flow rate of refrigerant gives 

 

)(

)(

23

544
2

hh

hhm
m







  

 

Since the refrigerant is superheated vapor at state 3, the specific enthalpy at state 3 is determined 

from Table A-12:  h3 = 258.89 kJ/kg. 

 

The specific enthalpies of liquid water for state 4 and state 5 are obtained from Table A-2:   

h4 ≈ hf4 = 104.89 kJ/kg and h5 ≈ hf5 = 62.99 kJ/kg.  Substituting values gives 

 

)
kg

kJ
56.99

kg

kJ
89.258(

kg

kJ
99.62

kg

kJ
89.104

s

kg
2

2




















m  

 

2m = 0.526 kg/s 
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4.98  Figure P4.98 shows three components of an air-conditioning system.  Refrigerant 134a 

flows through a throttling valve and a heat exchanger while air flows through a fan and the same 

heat exchanger.  Data for steady-state operation are given on the figure.  There is no significant 

heat transfer between any of the components and the surroundings.  Kinetic and potential energy 

effects are negligible.  Modeling air as an ideal gas with constant cp = 0.240 Btu/lb∙
o
R, determine 

the mass flow rate of the air, in lb/s. 

 

KNOWN:  An air-conditioning system section operates with refrigerant 134a flowing through a 

throttling value and heat exchanger and air flowing through a fan and the same heat exchanger. 

 

FIND:  The mass flow rate of the air, in lb/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. All components operate at steady state. 

2. No stray heat transfer occurs between any of the components and their surroundings. 

3. For all components, kinetic and potential energy effects can be ignored. 

4. Air is modeled as an ideal gas with constant cp = 0.240 Btu/lb∙
o
R. 

5. Define control volume A to encompass the fan and the heat exchanger. 

 

ANALYSIS: 

A mass balance for the valve gives  

 

34 mm   = 1.5 lb/s 

 

Since the air and refrigerant do not mix in control volume A, the steady state mass balance 

reduces to  

1

4

Heat exchanger

3

Saturated liquid R-134a

lb/s 5.13 m

p4 = 60 lbf/in.2

Saturated vapor

p5 = p4

T3 = 115oF

5

2T2 = 528oR

Throttling

valve

Fan

Air

T1 = 535oR

cp = 0.240 Btu/lb∙oR

hp 2.0cv W
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54 mm   = 1.5 lb/s 

 

21 mm    

 

The steady state form of the energy rate balance for control volume A 

 

 





























e

e
e

ee

i

i
i

ii gz
V

hmgz
V

hmWQ
22

0
22

cvcv   

simplifies to 

 

55224411cv0 hmhmhmhmW    

 

or substituting results from the mass balance 

 

)()(0 544211cv hhmhhmW    

 

Since air is modeled as an ideal gas with constant cp = 0.240 Btu/lb∙
o
R,  

 

h1 – h2 = cp(T1 – T2) 

 

Substituting and solving for the mass flow rate of air give 

 

)()(0 544211cv hhmTTcmW p    

 

)(

)(

21

454cv
1

TTc

hhmW
m

p 





  

 

The enthalpy at state 4 can be determined by analyzing the throttling valve with the energy rate 

balance 

 

0 = mWQ   cvcv [(h3 – h4) + ½ (V3
2
 – V4

2
) + g(z3 – z4)] 

 

which simplifies to 

 h4 = h3  

 

The specific enthalpy at state 3 is obtained from Table A-10E:  h3 = hf3 = 49.63 Btu/lb.  Thus, 

 

h4 = 49.63 Btu/lb 

 

Since the refrigerant is saturated vapor at state 5, the specific enthalpy at state 5 is obtained from 

Table A-11E:  h5 = hg5 = 108.72 Btu/lb.  Substituting values gives 



 3 

R)528R355(
Rlb

Btu
240.0

lb

Btu
63.49

lb

Btu
72.108

s

lb
5.1

s 3600

h 1

hp 1

h

Btu
2545

hp) 2(

1































m  

 

1m = 51.9 lb/s 
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4.99  Figure P4.99 shows a turbine-driven pump that provides water to a mixing chamber located 

25 m higher than the pump.  Steady-state operating data for the turbine and pump are labeled on 

the figure. Heat transfer from the water to its surroundings occurs at a rate of 2 kW. For the 

turbine, heat transfer with the surroundings and potential energy effects are negligible. Kinetic 

energy effects at all numbered states can be ignored.  Determine 

(a) The power required by the pump, in kW, to supply water to the inlet of the mixing chamber.  

(b) The mass flow rate of steam, in kg/s, that flows through the turbine.  

 

KNOWN:  A steam turbine drives a pump through which water flows to a mixing chamber 

located 25 m higher than the pump. 

 

FIND:  (a) The power required by the pump, in kW, to supply water to the inlet of the mixing 

chamber and (b) the mass flow rate of steam, in kg/s, that flows through the turbine. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. All components operate at steady state. 

2. Define control volume A to encompass the pump and the line to the mixing chamber. 

3. Define control volume B to encompass the turbine. 

4. For both control volumes A and B, kinetic energy effects can be ignored.  

5. No stray heat transfer occurs between control volume B and its surroundings. 

6. For control volume B, potential energy effects can be ignored. 

 

1

2

Mixing chamber

3

Saturated liquid water 

p1 = 1 bar

kg/s 501 m

Steam

p3 = 30 bar

T3 = 400oC

h2 = 417.69 kJ/kg

4
p4 = 5 bar

T4 = 180oC

Turbine Pump

cvW

25 m 

kW 2cv Q



 2 

ANALYSIS: 

(a) The energy rate balance for control volume A 

 

0 = mWQ   cvcv [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

1cvcv mQW   [(h1 – h2) + g(z1 – z2)] 

 

since .21 mm    The specific enthalpy at state 1 is obtained from Table A-3:  h1 = hf1 = 417.46 

kJ/kg.  Since the elevation at state 2 is higher than the elevation at state 1, (z1 – z2) = −25 m.  

Substituting values and solving yield  

 

s

kJ
 1

kW 1

mN 1000

kJ 1

s

mkg
 1

N 1
m) 25(

s

m
81.9

kg

kJ
 69.417

kg

kJ
 46.417

s

kg
50kW 2

2

2cv















































W

cvW = −25.8 kW 

 

Since the value for power is negative, work is to the pump. 

 

(b) The energy rate balance for control volume B 

 

0 = mWQ   cvcv [(h3 – h4) + ½ (V3
2
 – V4

2
) + g(z3 – z4)] 

simplifies to 

3cv0 mW   (h3 – h4) 

 

since .43 mm    Solving for mass flow rate of steam yields 

 

43

cv
3

hh

W
m





  

 

Since both states 3 and 4 are superheated vapor, their specific enthalpies are obtained from Table 

A-4:  h3 = 3230.9 kJ/kg and h4 = 2812.0 kJ/kg.  Since the turbine produces the power required by 

the pump, (pump) (turbine) cvcv WW    = −(−25.8 kW) = 25.8 kW.  Substituting values and 

solving yield  

kW 1

s

kJ
 1

kg

kJ
 0.2812

kg

kJ
 230.93

kW 8.25
3



m  

 

3m = 0.0616 kg/s 
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4.100  Separate streams of air and water flow through the compressor and heat exchanger 

arrangement shown in Fig. P4.100.  Steady-state operating data are provided on the figure.  Heat 

transfer with the surroundings can be neglected, as can all kinetic and potential energy effects.  

The air is modeled as an ideal gas.  Determine 

(a) the total power required by both compressors, in kW. 

(b) the mass flow rate of the water, in kg/s.  

 

KNOWN:  Separate streams of air and water flow through a compressor and heat exchanger 

arrangement. 

 

FIND:  (a) The total power required by both compressors, in kW, and (b) the mass flow rate of 

the water, in kg/s. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. Control volumes at steady state enclose the compressors and heat exchanger. 

2. For each control volume, heat transfer with the surroundings is negligible and kinetic and 

potential effects can be ignored. 

3. The air is modeled as an ideal gas. 

 

ANALYSIS: 

1

2

Heat exchanger

3

Air

p1 = 1 bar

T1 = 300 K

kg/s 6.01 m

p2 = 3 bar

T2 = 600 K

p3 = p2

T3 = 450 K

T6 = 30oC

p6 = p5

6 5

Water

T5 = 20oC

p5 = 1 bar

Compressor A Compressor B

p4 = 9 bar

T4 = 800 K
4

cvAW cvBW
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(a) A mass balance for the air flowing through compressor A, the heat exchanger, and 

compressor B gives  

4321 mmmm   = 0.6 kg/s 

 

The energy rate balance for compressor A 

 

0 = mWQ   cvAcvA [(h1 – h2) + ½ (V1
2
 – V2

2
) + g(z1 – z2)] 

 

simplifies to 

)( 21cvA hhmW    

 

The specific enthalpies for air at state 1 and state 2 are obtained from Table A-22:  h1 = 300.19 

kJ/kg and h2 = 607.02 kJ/kg.  Substituting values and solving yield  

 

s

kJ
 1

kW 1

kg

kJ
 02.607

kg

kJ
 19.300

s

kg
6.0cvA 

















W = −184.1 kW 

 

Similarly for compressor B,  

)( 43cvB hhmW    

 

The specific enthalpies for air at state 3 and state 4 are obtained from Table A-22:  h3 = 451.80 

kJ/kg and h4 = 821.95 kJ/kg.  Substituting values and solving yield  

 

s

kJ
 1

kW 1

kg

kJ
 95.821

kg

kJ
 51.804

s

kg
6.0cvB 

















W = −222.1 kW 

 

The total power required by both compressors is 

 

cvBcvAtotal WWW    = (−184.1 kW) + (−222.1 kW) = −406.2 kW 

 

The negative sign indicates power is to the compressors. 

 

(b) Since the air and water do not mix in the heat exchanger, the steady state mass balance 

reduces to  

32 mm   = 0.6 kg/s 

 

65 mm    

 

The steady state form of the energy rate balance 

 



 3 

 





























e

e
e

ee

i

i
i

ii gz
V

hmgz
V

hmWQ
22

0
22

cvcv   

simplifies to 

663355220 hmhmhmhm    

 

or substituting results from the mass balance 

 

)()(0 655322 hhmhhm    

 

Solving for the mass flow rate of water gives 

 

56

322
5

)(

hh

hhm
m







  

 

The specific enthalpies of water at state 5 and state 6 are obtained from Table A-2:  

h5 ≈ hf5 = 83.96 kJ/kg and h6 ≈ hf6 = 125.79 kJ/kg.  Substituting values and solving yield  

 

kg

kJ
 96.83

kg

kJ
 25.791

kg

kJ
 51.804

kg

kJ
 07.026

s

kg
6.0

5




















m  

 

5m = 2.23 kg/s 

 

 

 



































 1 

4.116  As shown in Fig. P4.116, a 247.5-ft
3
 tank contains saturated vapor water initially at 30 

lbf/in.
2
  The tank is connected to a large line carrying steam at 180 lbf/in.

2
, 450

o
F.  Steam flows 

into the tank through a valve until 2.9 lb of steam have been added to the tank.  The valve is then 

closed and the pressure in the tank is 40 lbf/in.
2
  Determine the specific volume, in ft

3
/lb, at the 

final state of the control volume and the magnitude and direction of the heat transfer between the 

tank and its surroundings, in Btu.   

 

KNOWN:  Steam flows into a tank. 

 

FIND:  Specific volume, in ft
3
/lb, at the final state of the control volume and the magnitude and 

direction of the heat transfer between the tank and its surroundings, in Btu. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume is defined by the dashed line on the accompanying diagram. 

2. Conditions within the steam line remain constant. 

3. For the control volume, kinetic and potential energy effects can be ignored and .0cv W  

 

ANALYSIS:  Applying the mass rate balance 

 

dtmmmm
dt

dm t

t ii 
2

1
12

cv  = 2.9 lb 

 

Solving for the final mass in the tank gives 

 

m2 = m1 + 2.9 lb 

 

In this expression m = V/v.  At the initial state with data from Table A-3E, v1 = vg1 = 13.75 ft
3
/lb. 

 

Tank

V = 247.5 ft3

?cv Q

i
Initially:

Saturated vapor at 30 lbf/in.2

Finally:

40 lbf/in.2

Steam at

180 lbf/in.2, 

450oF 



 2 

lb

ft
13.75

ft 5.247
3

3

1 m = 18.0 lb 

Solving for the final mass 

 

m2 = 18.0 lb + 2.9 lb = 20.9 lb 

 

The specific volume at the final state is 

 

lb 9.02

ft 5.247 3

2
2 

m

V
v = 11.84 ft

3
/lb 

 

The energy rate balance reduces to 

 

eeii hmhmWQ
dt

dU
  cvcv

cv  

 

There is no power, and no mass exits the control volume.  Noting hi remains constant, combining 

mass and energy rate balances results in 

 

)( 12cv
2

1
cv1122 mmhQdtmhtQumum i

t

t ii     

 

)()( 1122cv ii humhumQ   

 

For the initial state, Table A-3E applies:  u1 = ug1 = 1088.0 Btu/lb. 

 

For the final state, specific internal energy is determined from Table A-4E at p2 = 40 lbf/in.
2
 and 

v2 = 11.84 ft
3
/lb:  u2 = 1124.2 Btu/lb. 

 

For the steam entering the control volume, specific enthalpy is determined from Table A-4E:   

hi = 1243.4 Btu/lb. 

 

Substituting values gives 

 




















lb

Btu
1243.4

lb

Btu
1088.0lb) 0.18(

lb

Btu
1243.4

lb

Btu
1124.2lb) 9.02(cvQ = 305.92 Btu 

 

Since the sign associated with heat transfer is positive, heat transfer is into the control volume. 
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4.119  A rigid, well-insulated tank of volume 0.9 m
3
 is initially evacuated.  At time t = 0, air 

from the surroundings at 1 bar, 27
o
C begins to flow into the tank.  An electric resistor transfers 

energy to the air in the tank at a constant rate for 5 minutes, after which time the pressure in the 

tank is 1 bar and the temperature is 457
o
C.  Modeling air as an ideal gas, determine the power 

input to the tank, in kW.   

 

KNOWN:  Air flows into a tank. 

 

FIND:  Determine the power input to the tank, in kW. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume is defined by the dashed line on the accompanying diagram. 

2. Air is modeled as an ideal gas. 

3. The condition of the air entering the tank remains constant. 

4. For the control volume, kinetic and potential energy effects can be ignored and .0cv Q  

5. For the resistor, Uresistor = 0. 

 

ANALYSIS:  The mass rate balance reduces to 

 

im
dt

dm
cv  

 

The energy rate balance reduces to 

 

eeii hmhmWQ
dt

dU
  cvcv

cv  

 

There is no heat transfer, and no mass exits the control volume.  Noting hi remains constant, 

combining mass and energy rate balances results in 

 

)( 12cv
2

1
cv1122 mmhtWdtmhtWumum i

t

t ii     

Tank

V = 0.9 m3

?cv W

i

Initially:

m1 = 0

Air

pi = 1 bar 

Ti = 27oC = 300 K

●

+

−t = 5 min Finally: 

p2 = 1 bar 

T2 = 457oC = 730 K 



 2 

t

uhm
W i






)( 22
cv
  

 

Applying the ideal gas equation of state to the final state to solve for m2 gives 

 

mN 1000

kJ 1

bar 1
m

N
 10

K) 730(

kmol

kg
97.28

Kkmol

kJ
314.8

)m bar)(0.9 1( 2
5

3

2

22
2
























RT

Vp
m = 0.43 kg 

 

Specific internal energy at the final state and specific enthalpy for the inlet state are determined 

from Table A-22:  u2 = 536.07 kJ/kg and hi = 300.19 kJ/kg. 

 

Substituting values and solving for power give 

 

s

kJ
1

kW 1

s 60

min 1

min 5

kg

kJ
07.536

kg

kJ
19.003kg) 43.0(

cv











W = −0.338 kW 

 

Since the sign associated with power is negative, power is into the control volume as expected. 
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4.120  A well-insulated, rigid tank of volume 15 m
3
 is connected to a large steam line through 

which steam flows at 1 MPa, 320
o
C.  The tank is initially evacuated.  Steam is allowed to flow 

into the tank until the pressure inside is p.   

(a)  Determine the amount of mass in the tank, in kg, and the temperature in the tank, in 
o
C, when 

p = 500 kPa.  

(b)  Plot the quantities of part (a) versus p ranging from 0 kPa to 500 kPa. 

 

KNOWN:  Steam flows into a tank. 

 

FIND:  (a) The amount of mass in the tank, in kg, and the temperature in the tank, in 
o
C, when p 

= 500 kPa and (b) plot the quantities of part (a) versus p ranging from 0 kPa to 500 kPa. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume is defined by the dashed line on the accompanying diagram. 

2. The condition of the steam entering the tank remains constant. 

3. For the control volume, kinetic and potential energy effects can be ignored, ,0cv Q and 

.0cv W  

 

ANALYSIS:  (a) The mass rate balance reduces to 

 

im
dt

dm
cv  

 

The energy rate balance reduces to 

 

eeii hmhmWQ
dt

dU
  cvcv

cv  

 

Tank

V = 15 m3

i

Initially:

m1 = 0

Steam Line

pi = 1 MPa

Ti = 320oC

●

Finally: 

p2 = 500 kPa

●
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There is no heat transfer and no work, and no mass exits the control volume.  Noting hi remains 

constant, combining mass and energy rate balances results in 

 

)( 12
2

1
1122 mmhdtmhumum i

t

t ii     

 

u2 = hi 

 

Specific enthalpy at the inlet is obtained from Table A-4:  hi = 3093.9 kJ/kg. 

 

For p2 = 500 kPa and u2 = 3093.9 kJ/kg, Table A-4 (interpolated) gives T2 = 479.3
o
C and 

v2 = 0.6915 m
3
/kg. 

 

Solving for mass gives 

 

kg

m
6915.0

m 51
3

3

2
2 

v

V
m = 21.7 kg 

 

(b)  IT is used to generate the plots: 

 

IT Code 
//Given Values: 
V = 15//m3 
p_i = 1000//kPa 
T_i = 320//oC 
p_2 = 500//kPa 
 
//Properties 
h_i = h_PT("Water/Steam", p_i, T_i) 
u_2 = h_i 
u_2 = u_PT("Water/Steam", p_2, T_2)   
v_2 = v_PT("Water/Steam", p_2, T_2)   
m_2 = V/v_2 

IT Results:  p2 = 500 kPa 

m_2 21.69 

T_2 479.4 

u_2 3093 

v_2 0.6917 

p_2 500 

p_i 1000 

T_i 320 

V 15 
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4.121  A 50-gallon-capacity hot water heater is shown in Fig. P4.121.  Water in the tank of the 

heater initially has a temperature of 120
o
F.  When someone turns on the shower faucet, water 

flows from the tank at a rate of 0.47 lb/s, and replenishment water at 40
o
F flows into the tank 

from the municipal water distribution system.  Water in the tank receives an energy input at a 

rate of 40,000 Btu/h from electrical resistors.  If the water within the tank is well mixed, the 

temperature at any time can be taken as uniform throughout.  The tank is well insulated so stray 

heat transfer with the surroundings is negligible.  Neglecting kinetic and potential energy effects, 

assuming negligible change in pressure from inlet to exit of the tank, and modeling water as an 

incompressible substance with density of 62.28 lb/ft
3
 and specific heat of 1.0 Btu/lb∙

o
R, plot the 

temperature, in 
o
F, of the water in the tank versus time from t = 0 to 20 min (1200 s). 

 

KNOWN:  Water flows through a hot water heater tank. 

 

FIND:  Plot the temperature, in 
o
F, of the water in the tank versus time from t = 0 to 20 min. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume is defined by the dashed line on the accompanying diagram. 

2. Pressure change from inlet to exit is negligible. 

3. Water is modeled as an incompressible substance with density of 62.28 lb/ft
3
 and specific heat 

of 1 Btu/ lb∙
o
R. 

4. For the control volume, kinetic and potential energy effects can be ignored and .0cv W  

5. The state of the water entering the tank remains constant. 

6. Water in the tank is well-mixed. 

7. Stray heat transfer with the surroundings is negligible. 

 

ANALYSIS:  Since the control volume has a single inlet and single exit, ,mmm ei   and so  

 

0cv 
dt

dm
 

 

Liquid Water

Tcv(t = 0) = 120oF

Vcv = 50 gal

Te = Tcv

Btu/h 000,40cv Q

e i Ti = 40oF

lb/s 47.0em ei mm  



 2 

The energy rate balance reduces to 

 

eeii hmhmWQ
dt

dU
  cvcv

cv  

 

Combining mass and energy rate balances result in 

 

)]([
)(

cv
cvcv thhmQ

dt

umd
ei    

 

)]([cv
cv

cv
cv

cv thhmQ
dt

dm
u

dt

du
m ei    

 

)]([cv
cv

cv thhmQ
dt

du
m ei    

 

For an incompressible substance with negligible pressure change, Eqs. 3.20a and 3.20b apply.  

Substituting Tcv = Te = T(t) = T, ducv = cdT, and hi – he(t) = c(Ti – T) gives 

 

)(cvcv TTcmQ
dt

dT
cm i    

 

cm

Q
T

m

m
T

m

m

dt

dT
i

cv

cv

cvcv




















  

 

The solution of this differential equation takes the form 

 



























 t

m

m
C

cm

Q
TtT i

cv

cv exp)(





 

 

To determine the constant C, apply the initial condition T(t = 0) = 120
o
F = 580

o
R. 

 

C
cm

Q
Ti 













cvR580  

 

cm

Q
TC i 


cv)R580(   

Thus, the solution is 

 













































 t

m

m

cm

Q
T

cm

Q
TtT ii

cv

cvcv exp)R580()(
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Since the mass of the control volume is constant, its mass can be determined at t=0 using the 

relationship 

cvcv Vm   

 

Using the given water density (which can be obtained from Table A-19E), the mass of water in 

the control volume is 

 

gal 1

ft .133680
)gal 50(

ft

lb
28.62

3

3cv 







m = 416.3 lb 

 

The inlet temperature remains a constant 40
o
F = 500

o
R.   

 

Entering in IT the given values and the equation to determine control volume temperature (T) as 

a function of time and varying the range for time from 0 s to 1200 s (20 minutes) yield the plot 

below. 

 
//Given Data 
T_i = 500//oR 
T_i_F = 40//oF 
m_dot = 0.47//lb/s 
c = 1.0//Btu/lb·oR 
m_cv = 416.3//lb 
Q_dot = 40000//Btu/hr 
t = 1200//s 
 
//Solve for temperature 
T = (T_i + (Q_dot/(m_dot*c*3600))) + ((580 - T_i) - (Q_dot/(m_dot*c*3600)))*exp(-(m_dot/m_cv)*t) 
T_F = T - 460 

 
 

Note that continuous use of hot water results in lower water temperature and eventually cold 

showers! 
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4.124  A pressure cooker has a volume of 0.011 m
3
 and initially contains a two-phase liquid-

vapor mixture of H2O at a temperature of 100
o
C and a quality of 10%.  As the water is heated at 

constant volume the pressure rises to 2 bar and the quality becomes 18.9%. With further heating 

a pressure-regulating valve keeps the pressure constant in the cooker at 2 bar by allowing 

saturated vapor at 2 bar to escape.  Neglecting kinetic and potential energy effects   

(a) determine the quality of the H2O at the initial onset of vapor escape (state 2) and the amount 

of heat transfer, in kJ, to reach this state. 

(b) determine the final mass in the cooker, in kg, and the additional amount of heat transfer, in 

kJ, if heating continues from state 2 until the final quality is 1.0.  

(c) plot the quantities of part (b) versus quality increasing from the value at state 2 to 100%. 

 

KNOWN:  Water is heated in a pressure cooker that allows steam to escape. 

 

FIND:  (a) Determine the quality of the H2O when at the initial onset of vapor escape (state 2) 

and the amount of heat transfer, in kJ, to reach this state, (b) determine the final mass in the 

cooker, in kg, and the additional amount of heat transfer, in kJ, if heating continues from state 2 

until the final quality is 1.0, and (c) plot the quantities of part (b) versus quality increasing from 

the value at state 2 to 100%. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

 
 

 

Two-Phase, Liquid-Vapor

Mixture of Water

p2 = 2 bar

Two-Phase, Liquid-Vapor

Mixture of Water

T1 = 100oC

x1 = 10%

V = 0.011 m3

State 1 State 2

Qcv

em

Saturated Water Vapor

p3 = 2 bar

x3 = 1.0

e

State 3

Qcv

Saturated

vapor

T

v

p = 1 bar

100oC
•
•

•

1

2

p = 2 bar

3e
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ENGINEERING MODEL: 

1. For part (a) the closed system during process 1-2 is defined by the dashed line on the 

accompanying figure.  For part (b) the control volume during process 2-3 is defined by the 

dashed line on the accompanying figure. 

2. For the system and the control volume, kinetic and potential energy effects can be ignored and 

.0cv W  

3. For part (b), saturated vapor exits the control volume at 2 bar. 

 

ANALYSIS:  (a) Process 1-2 from the initial state until the onset of vapor escape is analyzed as 

a closed system.  Since the mass is constant during process 1-2 and with assumption 2 in the 

engineering model, the energy rate balance for process 1-2 reduces to 

 

QU   

 

Quum  )( 12  

 

The mass of water can be determined from the volume of the cooker and the specific volume of 

the water at state 1.  At x1 = 10% and T1 = 100
o
C, water is two-phase liquid-vapor mixture.   

From Table A-2, vf1 = 0.0010435 m
3
/kg and vg1 = 1.673 m

3
/kg.  Solving for specific volume at 

state 1 gives 

v1 = vf1 + x1(vg1 − vf1) 

 

v1 = 0.0010435 m
3
/kg + (0.1)(1.673 m

3
/kg − 0.0010435 m

3
/kg) = 0.16823915 m

3
/kg 

 

Solving for the mass gives 

 

kg

m
168239150

)m 011.0(
3

3

1
1

.

V
m 

v
= 0.0654 kg 

 

The specific internal energy at state 1 is determined from  

 

u1 = uf1 + x1(ug1 − uf1) 

 

From Table A-2, uf1 = 418.94 kJ/kg and ug1 = 2506.5 kJ/kg.  Solving for specific internal energy 

gives 

u1 = 418.94 kJ/kg + (0.1)(2506.5 kJ/kg − 418.94 kJ/kg) = 627.70 kJ/kg 

 

Since volume and mass are constant during process 1-2, v2 = v1 = 0.16823915 m
3
/kg. 

 

State 2 is fixed using p2 = 2 bar and v2 = 0.16823915 m
3
/kg.  Since state 2 is a two-phase liquid-

vapor mixture, quality is determined by 

 



 3 

2f2g

2f2
2

vv

vv




x  

 

From Table A-3, vf2 = 0.0010605 m
3
/kg and vg2 = 0.8857 m

3
/kg.  Solving for quality 

 

)
kg

m
 0010605.0

kg

m
 88570(

)
kg

m
 0010605.0

kg

m
 168239150(

33

33

2







.

.

x = 0.1890 

 

The specific internal energy at state 2 is determined from  

 

u2 = uf2 + x2(ug2 − uf2) 

 

From Table A-3, uf2 = 504.49 kJ/kg and ug2 = 2529.5 kJ/kg.  Solving for specific internal energy 

gives 

u2 = 504.49 kJ/kg + (0.1890)(2529.5 kJ/kg − 504.49 kJ/kg) = 887.2 kJ/kg 

 

Solving for heat transfer during process 1-2 

 

Q = (0.0654 kg)(887.2 kJ/kg − 627.70 kJ/kg) = 16.97 kJ 

 

(b) For process 2-3 the mass rate balance reduces to 

 

em
dt

dm
cv  

The energy rate balance reduces to 

 

eeii hmhmWQ
dt

dU
  cvcv

cv  

 

There is no work, and no mass enters the control volume.  Noting he remains constant, 

combining mass and energy rate balances results in 

 

eh
dt

dm
Q

dt

dU cv
cv

cv    

 

)()()( 23cv23cv2233 mmhQmmhtQumum ee    

 

)()( 2233cv ee humhumQ   
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The final mass of water can be determined from the volume of the cooker and the specific 

volume of the water at state 3.  From Table A-3, v3 = vg3 = 0.8857 m
3
/kg.  Solving for the mass 

gives 

kg

m
88570

)m 011.0(
3

3

3
3

.

V
m 

v
= 0.0124 kg 

 

The specific internal energy for saturated vapor at state 3 is obtained from Table A-3 at p3 = 2 

bar:  u3 = ug3 = 2529.5 kJ/kg. 

 

The specific enthalpy for saturated vapor at the exit is obtained from Table A-3 at pe = 2 bar: 

he = hge = 2706.7 kJ/kg. 

 

Solving for heat transfer during process 2-3 

 

)
kg

kJ
7.2706

kg

kJ
1.887(kg) 0.0654()

kg

kJ
7.2706

kg

kJ
5.2529(kg) 0.0124(cv Q = 116.80 kJ 

 

(c)  IT is used to generate the plots: 

 

IT Code 
//Given 
V = 0.011//m^3 
 
//State 1 
T_1 = 100//oC 
x_1 = 0.1 
p_1 = Psat_T("Water/Steam", T_1) 
v_1 = vsat_Px("Water/Steam", p_1, x_1)   
u_1 = usat_Px("Water/Steam", p_1, x_1) 
m_1 = V/v_1 
 
//State 2 
p_2 = 2//bar 
v_2 = v_1 
m_2 = m_1 
x_2 = x_vP("Water/Steam", v_2, p_2) 
u_2 = usat_Px("Water/Steam", p_2, x_2) 
 
//State 3 
p_3 = p_2 
x_3 = 1.0 
v_3 = vsat_Px("Water/Steam", p_3, x_3)   
u_3 = usat_Px("Water/Steam", p_3, x_3) 
m_3 = V/v_3 
 
//State e (exit) 
p_e = p_3 
x_e = 1 
h_e = hsat_Px("Water/Steam", p_e, x_e)   

IT Results:  x3 = 1.0 
h_e 2706 
m_1 0.06539 
m_2 0.06539 
m_3 0.01242 
p_1 1.013 
p_3 2 
p_e 2 
Q_12 16.93 
Q_23 116.7 
u_1 628.1 
u_2 887 
u_3 2529 
v_1 0.1682 
v_2 0.1682 
v_3 0.8857 
x_2 0.189 
p_2 2 
T_1 100 
V 0.011 
x_1 0.1 
x_3 1 
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//Heat Transfers 
Q_12 = m_1*(u_2 - u_1) 
Q_23 = m_3*(u_3 - h_e) - m_2*(u_2 - h_e) 
 

The results for x3 = 1.0 agree with the result of part (b).   

 

Now using the Explore button, sweep x3 from 0.189 to 1.0 in steps of 0.001.  The following plots 

are constructed from the data. 

 

  
 

We see from the plots that as the quality of the mixture within the tank increases the mass in 

the tank drops rapidly while heat transfer to the tank rapidly increases. 
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4.125  A well-insulated rigid tank of volume 8 ft
3
 initially contains carbon dioxide at 180

o
F and 

40 lb/in.
2
  A valve connected to the tank is opened, and carbon dioxide is withdrawn slowly until 

the pressure within the tank drops to p.  An electrical resistor inside the tank maintains the 

temperature at 180
o
F.  Modeling carbon dioxide as an ideal gas and neglecting kinetic and 

potential energy effects 

(a) determine the mass of carbon dioxide withdrawn, in lb, and the energy input to the resistor, in 

Btu, when p = 22 lb/in.
2
 

(b) plot the quantities of part (a) versus p ranging from 15 to 40 lbf/in.
2
 

 

KNOWN:  Carbon dioxide is withdrawn slowly from a tank. 

 

FIND:  (a) Determine the mass of carbon dioxide withdrawn, in lb, and the energy input to the 

resistor, in Btu, when p = 22 lb/in.
2
 and (b) plot the quantities of part (a) versus p ranging from 

15 to 40 lbf/in.
2
 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume is defined by the dashed line on the accompanying figure. 

2. For the control volume, kinetic and potential energy effects can be ignored and .0cv Q  

3. Carbon dioxide is modeled as an ideal gas. 

4. The mass of the resistor is small enough to be ignored. 

 

ANALYSIS:  (a) The mass of the carbon dioxide withdrawn over a time interval equals the 

difference between the initial amount of mass in the tank and the mass in the tank at a later time: 

 

(Amount Withdrawn) = m1 – m2 

 

Since T1 = T2, the ideal gas equation of state can be used to rewrite the expression for (Amount 

Withdrawn) as follows where p2 = p: 

 

(Amount Withdrawn) = 









RT

V
pp

RT

Vp

RT

Vp
)( 21

21  

 

V = 8 ft3

?cv W

e

Carbon dioxide

p1 = 40 lbf/in.2

T = 180oF= 640oR

●

+

−



 2 

(Amount Withdrawn) =






















































R)640(

lbmol

lb
44.01

Rlbmol

lbfft
 1545

ft 8

ft 1

in. 144
)

in.

lbf
40(

3

2

2

2
p  

 

(Amount Withdrawn) = 0.0513(40 – p) lb                                         (1) 

 

The mass rate balance reduces to 

em
dt

dm
cv  

The energy rate balance reduces to 

 

eeii hmhmWQ
dt

dU
  cvcv

cv  

 

Introducing the mass rate balance and noting that he remains constant since temperature remains 

constant result in 

eh
dt

dm
W

dt

dU cv
cv

cv    

 

)()( 12cv1122 mmhWumum e   

 

)()( 121122cv mmhumumW e   

 

Since temperature is constant, u2 = u(T), u1 = u(T), and he = u(T) + (pv)e.  Thus, 

 

   ee pTumpTumTumTumW )()(()()(()()( 1212cv vv   

 

    epmmTuTumTuTumW ))(()()()()( 1212cv v  

 

 1                                                         epmmW ))(( 12cv v  

 

Substituting m2 – m1 = −(Amount Withdrawn) = −0.0513(40 – p) lb and  (pv)e = RT gives 

 

 RTpW lb )40(0513.0cv   
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lbfft 778

Btu 1
R)640(

lbmol

lb
44.01

Rlbmol

lbfft
 1545

lb )40(0513.0cv


























 pW  

 

Wcv = –1.481(40 – p) Btu                                                      (2) 

 

When p = 22 lbf/in.
2
, Eq. (1) gives  

 

(Amount Withdrawn) = 0.9234 lb 

 

Eq. (2) gives  

Wcv = –26.66 Btu 

 

The negative sign associated with work indicates work is to the control volume as expected. 

 

(b)  The final working expressions for both the amount of mass withdrawn and the energy input 

to the resistor are linear in p.  One can either hand-sketch a plot based on sample data or use IT 

to generate the plots.  Results using IT are: 

 

IT Code 
//Given 
V = 8//ft^3 
 
//State 1 
T = 640//oR 
p_1 = 40//lbf/in.^2 
 
//State 2 
p = 22//lbf/in.^2 
 
//Calclulations 
m_Withdrawn = 0.0513*(40 - p)//lb 
W_cv = -1.481*(40-p)//Btu 

IT Results:  p = 22 lbf/in.
2
 

m_Withdrawn 0.9234 
W_cv -26.66 
p 22 
p_1 40 
T 640 
V 8 

 

The results for p = 22 lbf/in.
2
 compare favorably with the result of part (b).   

 

Now using the Explore button, sweep p from 15 lbf/in.
2
 to 40 lbf/in.

2
 in steps of 0.05.  The 

following plots are constructed from the data.  
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 1    To maintain the temperature of the carbon dioxide within the tank constant, the resistor 

must provide energy to the carbon dioxide equal to the energy carried out at e by the specific 

flow work, which is denoted (pv)e in this expression. 

Mass Withdrawn vs. Final Pressure
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4.126  A tank of volume 1.2 m
3
 initially contains steam at 8 MPa and 400

o
C.  Steam is 

withdrawn slowly from the tank until the pressure drops to p.  Heat transfer to the tank contents 

maintains the temperature at 400
o
C.  Neglecting all kinetic and potential energy effects and 

assuming specific enthalpy he is nearly linear with the mass in the tank 

(a) determine the heat transfer, in kJ, if p = 2 MPa. 

(b) plot the heat transfer, in kJ, versus p ranging from 0.5 to 8 MPa. 

 

KNOWN:  Steam is withdrawn slowly from a tank. 

 

FIND:  (a) Determine the heat transfer, in kJ, if p = 2 MPa and (b) plot the heat transfer, in kJ, 

versus p ranging from 0.5 to 8 MPa. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. The control volume is defined by the dashed line on the accompanying figure. 

2. For the control volume, kinetic and potential energy effects can be ignored and .0cv W  

3. At each instant, pressure is uniform throughout the steam. 

4. Specific enthalpy he is nearly linear with the mass in the tank. 

 

ANALYSIS:  (a) The mass rate balance reduces to 

 

em
dt

dm
cv  

While the energy rate balance reduces to 

 

eeii hmhmWQ
dt

dU
  cvcv

cv  

 

Introducing the mass rate balance and integrating 

 

eh
dt

dm
Q

dt

dU cv
cv

cv    

 

V = 1.2 m3
e

Steam

p1 = 8 MPa

T = 400oC

●

Qcv

Steam exits at 400oC
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2

1cv1122 )( dmhQumum e  

 


2

11122cv dmhumumQ e                                                     (1) 

 

where m denotes the mass contained within the tank.   

 

Since the specific enthalpy he is nearly linear with the mass in the tank, the average value of he 

can be used to evaluate 
   

).(
2

21
212

1
mm

hh
dmh

ee
e 







 
   

 

At any instant m = V/v where v is specific volume determined at that instant by 400
o
C and the 

tank pressure.  Initially, p1 = 8 MPa, so Table A-4 gives v1 = 0.03432 m
3
/kg,  

u1 = 2863.8 kJ/kg, and (he)1 = 3138.3 kJ/kg.  Thus,  

  

kg

m
0.03432

m 2.1
3

3

1
1 

v

V
m = 34.965 kg 

 

Finally,  p2 = 2 MPa, so at 400
o
C Table A-4 gives v2 = 0.1512 m

3
/kg, u2 = 2945.2 kJ/kg, and  

(he)2 = 3247.6 kJ/kg.    Thus, 

 

kg

m
0.1512

m 2.1
3

3

2
2 

v

V
m = 7.9365 kg 

 

Substituting values gives 

   
 kg 9364.7kg 965.34

2

kg

kJ
 6.3247

kg

kJ
 138.33

)(
2

21
212

1




























 
  mm

hh
dmh

ee
e  

 


2

1
dmhe = 86,301 kJ 

 

Inserting values into Eq. (1) 

 

kJ 301,86
kg

kJ
.86382kg) 965.34(

kg

kJ
945.22kg) 9364.7(cv 

















Q = 9542.5 kJ 
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Note:  The nearly linear relationship between specific enthalpy he and mass in the tank can be 

shown using IT.  For each mass in the interval 7.9365 kg < m < 34.965 kg, IT can determine the 

corresponding exit enthalpy he by the two independent, intensive properties, T = 400
o
C and v = 

V/m. These values allow the plot of he vs. m to be constructed as done below using IT. 

 

IT Code 
//Given 
V = 1.2//m^3 
 
//Range of mass spans 7.9365 kg to 34.965 kg 
 
T = 400//oC 
m = 7.9365//kg 
v = V/m 
v = v_PT("Water/Steam", p, T) 
h_e = h_PT("Water/Steam", p, T)   

IT Results:  m = 7.9365 kg 
h_e 3247 
m 7.937 
v 0.1512 
p 2000 
T 400 
V 1.2 

 

Now using the Explore button, sweep m from 7.9364 to 34.965 kg in steps of 0.1.  The following 

plot is constructed from the data. 

 

 
 

 

The area under the line from 1 to 2 equals the term 
2

1
dmhe of Eq. (1).  As this variation is very 

nearly linear, the average value of he is appropriate to evaluate this term. 

 

   
)(

2
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212

1
mm

hh
dmh

ee
e 







 
   

 

 

 

  

Exit Enthalpy vs. Mass in Tank
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(b)  IT is used to generate the plot: 

 

IT Code 
//Given 
V = 1.2//m^3 
T = 400//

o
C 

 
//Initial State 1 
p_1 = 8000//kPa 
v_1 = v_PT("Water/Steam", p_1, T) 
u_1 = u_PT("Water/Steam", p_1, T)   
h_e_1 = h_PT("Water/Steam", p_1, T)   
m_1 = V/v_1 
 
//Final State 
p = 2000//kPa 
v = v_PT("Water/Steam", p, T) 
u = u_PT("Water/Steam", p, T)   
h_e = h_PT("Water/Steam", p, T)   
m = V/v 
 
//Calculation 
Q_cv = (m*u) - (m_1*u_1) + ((h_e_1 + h_e)/2)*(m_1 - m) 

IT Results:  p = 2000 kPa 
h_e 3247 
h_e_1 3138 
m 7.937 
m_1 34.97 
Q_cv 9545 
u 2945 
u_1 2863 
v 0.1512 
v_1 0.03432 
p 2000 
p_1 8000 
T 400 
V 1.2 

 

The results for p = 2000 kPa compare favorably with the result of part (a).   

 

Now using the Explore button, sweep p from 500 kPa to 8000 kPa in steps of 500.  The 

following plot is constructed from the data. 

 

 
 

The pressure within the tank decreases as mass is withdrawn while the temperature remains 

constant. 
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4.127  An open cooking pot containing 0.5 liter of water at 20
o
C, 1 bar sits on a stove burner.  

Once the burner is turned on the water is gradually heated at a rate of 0.85 kW while pressure 

remains constant.  After a period of time, the water starts boiling and continues to do so until all 

of the water has evaporated.  Determine 

(a) the time required for the onset of evaporation, in s. 

(b) the time required for all of the water to evaporate, in s, once evaporation starts.  

 

KNOWN:  Water is heated in an open pot on a burner. 

 

FIND:  (a) The time required for the onset of evaporation, in s, and (b) the time required for all 

of the water to evaporate, in s, once evaporation starts. 

 

SCHEMATIC AND GIVEN DATA: 

Part (a) 

  

 

Part (b) 

 
 

 

State 1

Water

T1 = 20oC

p1= 1 bar

V1 = 0.5 liter

kW 85.0Q

State 2

Water

Saturated Liquid

T2 = Tsat @ p2

p2 = p1

Process 1-2

State 3

kW 85.0cv Q

State 2

Water

Saturated Liquid

T2 = Tsat @ p2

p2 = p1

Process 2-3

e

t = t2 + Dt

t = t2 t = t3

Water

Saturated vapor exits at

Te = Tsat @ pe

pe = p1
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The temperature-specific volume diagram below indicates the states associated with the overall 

process: 

 
ENGINEERING MODEL: 

1. For part (a) the liquid water inside the pot defines the system during process 1-2 as shown by 

the dashed line on the accompanying figure.  For part (b) the control volume is defined by the 

boundary of the liquid water inside the pot during process 2-3 as shown by the dashed line on 

the accompanying figure. 

2. For the system and control volume, kinetic and potential effects can be ignored. 

3. As shown in the figure of part (b), saturated vapor exits the control volume at 1 bar. 

4. Water is assumed to remain at 1 bar throughout the entire process. 

5. Work associated with system boundary movement (part a) and work associated with control 

volume boundary movement (part b) are not ignored. 

 

ANALYSIS: 

(a) During process 1-2, heat transfer results in a temperature increase from 20
o
C to 99.63

o
C (the 

saturation temperature that corresponds to 1 bar).  Since evaporation has not yet started, there is 

no mass flow of water into or from the system, and the water can be analyzed as a closed system.   

Since the mass is constant during process 1-2 and with assumption 2 in the engineering model, 

the energy rate balance for process 1-2 reduces to 

 

 1                                                               WQU D  

or 

WtQuum D )( 12  

Solving for Dt gives 

Q

Wuum
t 


D

)( 12  

 

The mass of water can be determined from the volume of the liquid water and its corresponding 

specific volume at state 1.  At p1 = 1 bar and T1 = 20
o
C, water is compressed liquid.  From Table 

A-2, v1 ≈ vf1 = 0.0010018 m
3
/kg 

 

L 1

m 10

kg

m
00100180

L) 5.0( 33

3
1

1




.

V
m

v
= 0.50 kg 

 

T

v

p = 1 bar

99.63oC

20oC •

• •
1

2 e
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The specific internal energy at state 1 is determined from Table A-2, u1 ≈ uf1 = 83.95 kJ/kg.  The 

water is saturated liquid at state 2.  From Table A-3 at p2 = 1 bar, u2 = uf2 = 417.36 kJ/kg.  

 

As the liquid water is heated, its volume increases slightly.  Thus, work is done by the system at 

the top surface during process 1-2 

 

)( 12
2

1
vv   mppdVW  

 

From Table A-3, v2 = vf2 = 0.0010432 m
3
/kg.  Solving for work 

mN 0001

kJ 1

kPa 1
m

N
 1000

bar 1

kPa 100
)

kg

m
0010018.0

kg

m
0010432.0(bar) kg)(1 50.0(

233


W  

  W = 0.00207 kJ 

 

Substituting values and solving for Dt give 

 

s

kJ
1

kW 1

kW 85.0

kJ 00207.0)
kg

kJ
95.83

kg

kJ
36.417(kg) 50.0( 

Dt = 196.1 s (3.27 min) 

 

(b) During process 2-3, heat transfer results in phase change from liquid to vapor at 99.63
o
C (the 

saturation temperature that corresponds to 1 bar).  Mass flow from the control volume is the 

saturated vapor resulting from evaporation of the liquid.  The mass rate balance takes the form 

 

em
dt

dm
cv  

 

The energy rate balance for process 2-3 reduces to 

 

eehmWQ
dt

dU
 cvcv

cv   

 

Combining mass and energy rate balances results in 

 

eh
dt

dm
WQ

dt

dU cv
cvcv

cv    

 

By assumption 3 of the engineering model, the specific enthalpy at the exit is constant.  

Accordingly, integration gives 

 

ehmtWtQU cvcvcvcv DDDD   
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ehmmWtQumum )( 23cvcv2233 D   

 

Mass at state 2 is the system mass during process 1-2:  m2 = 0.50 kg.  Since no mass remains in 

the control volume at state 3, m3 = 0.  The equation reduces to 

 

 2                                                  ehmWtQum 2cvcv22 D   

 

Solving for time associated with evaporation during process 2-3 yields 

 

cv

cv22 )(

Q

Wuhm
t e




D  

 

The specific enthalpy for saturated vapor at the exit is obtained from Table A-3 at pe = 1 bar: 

he = hge = 2675.5 kJ/kg.   

 

The liquid volume decreases as vapor exits the control volume.  Thus, work is done on the 

control volume at the moving portion of the boundary during process 2-3 

 

222223
3

2cv )( vpmpVVVppdVW    

 

Substituting values and solving for work give 

mN 0001

kJ 1

kPa 1
m

N
 1000

bar 1

kPa 100
)

kg

m
0010432.0(bar) kg)(1 50.0(

23

cv


W  

  cvW = −0.0522 kJ 

 

Solving for time associated with evaporation during process 2-3 yields 

 

s

kJ
1

kW 1

kW 85.0

kJ) 0522.0()
kg

kJ
36.417

kg

kJ
5.2675(kg) 50.0( 

Dt = 1328.3 s (22.1 min) 

 

 

 

 1    For process 1-2 a combination of the energy balance and the work expression gives an 

expression for energy represented in terms of specific enthalpy only. 

 

)()( 1212 vv DD mptQWtQuum   
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tQpupum D )]()[( 1122 vv  

 

tQhhm D )( 12  

 

 2    For process 2-3 a combination of the energy balance and the work expression gives an 

expression for energy represented in terms of specific enthalpy only. 

 

ee hmpmtQhmWtQum 2222cv2cvcv22 )( DD v  

 

ehmtQpum 2cv2222 )( D v  

 

ehmtQhm 2cv22 D   

 

tQhhm e D cv22 )(   
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4.128  Nitrogen gas is contained in a rigid 1-m
3
 tank, initially at 10 bar, 300 K.  Heat transfer to 

the contents of the tank occurs until the temperature has increased to 400 K.  During the process, 

a pressure-relief valve allows nitrogen to escape, maintaining constant pressure in the tank.  

Neglecting kinetic and potential energy effects, and using the ideal gas model with constant 

specific heats evaluated at 350 K, determine the mass of nitrogen that escapes, in kg, and the 

amount of energy transfer by heat, in kJ.  

 

KNOWN:  Heat transfer occurs to nitrogen gas contained in a rigid tank.  Gas escapes through a 

pressure relief valve, maintaining constant pressure in the tank.  The initial and final 

temperatures are specified. 

 

FIND:  Determine the mass of nitrogen that escapes, in kg, and the amount of energy transfer by 

heat, in kJ. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

 

ENGINEERING MODEL: 

1. For the control volume shown, .0cv W  

2. The state in the control volume can be assumed to be uniform at any time during the process 

3. Kinetic and potential energy effects can be neglected. 

4. The nitrogen behaves as an ideal gas with constant specific heats evaluated at 350 K. 

 

ANALYSIS: 

The mass rate balance takes the form, em
dt

dm
cv .  Thus, the mass that escapes is 

 

21
2

1
cv

2

1
mmdmdtm

m

me     

 

With the ideal gas equation of state 

 











21

2

1

11

TTR

pV
dtme  

V = 1 m3

e

Nitrogen

p = 10 bar

T1= 300 K

T2 = 400 K

●

cvQ
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mN 10

kJ 1

bar 1

N/m 10

K 400

1

K 300

1

Kkg

kJ

01.28

314.8

)m bar)(1 10(
3

2532

1 





















 dtme = 2.808 kg 

 

With the assumptions listed, the energy rate balance is 

 

eehmQ
dt

dU
  cv

cv  

 

Noting that Ucv = mu and he = u + RT, and with the mass rate balance 

 

dt

dm
RTuQ

dt

dm
u

dt

du
m )(cv    

 

dt

dm
RT

dt

du
mQ cv

  

 

For an ideal gas, du = cvdT.  Also, with m = pV/RT 

 

)( 2T

dT

R

pV
dm










  

Thus 

dt

dT

T
Rc

R

pV

dt

dT
R

RT

pV

dt

dT
c

RT

pV
Q

1
)(cv 


























 vv

  

 

Noting that cv + R = cp 

T

dT

R

pVc
dtQ

p











cv

  

 

From Table A-20, cp = 1.041 kJ/kg∙K.  Integrating and inserting values 

 

 











2

1

2

1 cv
T

T

p

T

dT

R

pVc
dtQ  

 





















1

2
cv ln

T

T

R

pVc
Q

p
 

mN 10

kJ 1

bar 1

N/m 10

K 300

K 400
ln

Kkg

kJ

01.28

314.8

K)kJ/kg 041.1)(m bar)(1 10(
3

253

cv
































Q = 1009 kJ 
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4.130  The procedure to inflate a hot air balloon requires a fan to move an initial amount of air 

into the balloon envelope followed by heat transfer from a propane burner to complete the 

inflation process.  After a fan operates for 10 minutes with negligible heat transfer with the 

surroundings, the air in an initially deflated balloon achieves a temperature of 80
o
F and a volume 

of 49,100 ft
3
.  Next the propane burner provides heat transfer as air continues to flow into the 

balloon without use of the fan until the air in the balloon reaches a volume of 65,425 ft
3
 and a 

temperature of 210
o
F.  Air at 77

o
F and 14.7 lbf/in.

2
 surrounds the balloon.  The net rate of heat 

transfer is 7 × 10
6
 Btu/h.  Ignoring effects due to kinetic and potential energy, modeling the air as 

an ideal gas, and assuming the pressure of the air inside the balloon remains the same as that of 

the surrounding air, determine 

(a) the power required by the fan, in hp. 

(b) the time required for full inflation of the balloon, in min.  

 

KNOWN:  A hot air balloon undergoes inflation. 

 

FIND:  (a) The power required by the fan, in hp, and (b) the time required for full inflation of the 

balloon, in min. 

 

SCHEMATIC AND GIVEN DATA: 

Part (a) 

  

 

  

State 1

(deflated balloon)

t = t1 = 0

Surrounding Air

Tsurr = 77oF

psurr= 14.7 lbf/in.2 Ti = Tsurr

pi = psurri

State 2

t = t2 = 10 min

Air

V2 = 49,100 ft3

T2 = 80oF

p2 = psurr

Process 1-2

?fan W
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Part (b) 

 
 

ENGINEERING MODEL: 

1. The control volume is defined by the dashed line on the accompanying diagrams. 

2. Air is modeled as an ideal gas. 

3. For the control volume, kinetic and potential energy effects can be ignored. 

4. The state of the air entering the balloon remains constant and equivalent to the state of the 

surrounding air. 

5. Air inside the balloon has the same pressure as the surrounding air during the entire process. 

6. Heat transfer with the surroundings is negligible during process 1-2. 

 

ANALYSIS: 

(a) Since the control volume has a single inlet and no exit, the mass rate balance for process 1-2 

reduces to 

im
dt

dm
cv  

 

The energy rate balance for process 1-2 reduces to 

 

iihmWQ
dt

dU
  cvcv

cv  

 

Neglecting heat transfer with the surroundings and combining mass and energy rate balances 

result in 

ih
dt

dm
W

dt

dU cv
cv

cv    

 

Surrounding Air

Tsurr = 77oF

psurr= 14.7 lbf/in.2

Ti = Tsurr

pi = psurr
iBtu/h 107 6

cv Q

Air

V3 = 65,425 ft3

T3 = 210oF

p3 = psurr

State 2

t = t2 = 10 min

Air

V2 = 49,100 ft3

T2 = 80oF

p2 = psurr

Process 2-3
State 3

t = t3 = ?
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By assumption 4 of the engineering model, the specific enthalpy at the inlet is constant.  

Accordingly, integration gives 

ihmtWU cvcvcv    

 

ihmmtWumum )( 12cv1122    

 

Since the balloon is deflated at state 1, m1 = 0.  The equation reduces to 

 

ihmtWum 2cv22    

 

Work associated with the control volume is due to expansion of the control volume and the work 

required by the fan.  Thus, Wcv = Wfan + Wexpansion.  The work associated with the control volume 

due to expansion of the air at constant pressure is 

 

lbfft 787

Btu 1

ft 1

in. 144
)ft 100,49(

in.

lbf
7.14)(

2

2
3

2212
2

1expansion










  pVVVppdVW  

Wexpansion = 133,592 Btu 

 

The sign is positive as expected for work due to expansion. 

 

The work associated with the fan is .fan tW   Substituting values and solving for the fan power 

give 

ihmWtWum 2expansionfan22 )(    

 

t

Wuhm
W

i






expansion22
fan

)(
  

 

The mass in the control volume at state 2 can be determined using the ideal gas equation of state.  

Converting air temperature to absolute scale, T2 = 80
o
F = 540

o
R and substituting 

 

2

22
22222

RT

Vp
mRTmVp   

 

2

2
3

2

2
ft 1

in. 144

)R540(

lbmol

lb
97.82

Rlbmol

lbfft
 5451

)ft 100,49()
in.

lbf
 7.14(
























m = 3609 lb 

 

The specific enthalpy of the inlet air (Ti = 77
o
F = 537

o
R) and the specific internal energy of the 

air at state 2 (T2 = 540
o
R) are determined from Table A-22E:  hi = 128.34 Btu/lb and   



 4 

u2 = 92.04 Btu/lb.  Solving for fan power 

 

h

Btu
 5452

hp 1

h 1

min 06

min 10

Btu) 592,133()
lb

Btu
04.92

lb

Btu
34.128(lb) 3609(

fan



W = −6.10 hp 

 

The sign is negative as expected since the fan requires power to operate. 

 

(b) During process 2-3, the mass rate balance takes the form 

 

im
dt

dm
cv  

 

The energy rate balance for process 2-3 reduces to 

 

iihmWQ
dt

dU
  cvcv

cv  

 

Combining mass and energy rate balances results in 

 

ih
dt

dm
WQ

dt

dU cv
cvcv

cv    

 

By assumption 4 of the engineering model, the specific enthalpy at the inlet is constant.  

Accordingly, integration gives 

 

ihmtWtQU cvcvcvcv    

 

ihmmWtQumum )( 23cvcv2233    

 

Rearranging and solving for time associated with process 2-3 yields 

 

cv

cv2233 )()(

Q

Whumhum
t ii




  

 

The mass in the control volume at state 3 can be determined using the ideal gas equation of state.  

Converting air temperature to absolute scale, T3 = 210
o
F = 670

o
R and substituting 

 

3

33
33333

RT

Vp
mRTmVp   

 



 5 

2

2
3

2

3
ft 1

in. 144

)R670(

lbmol

lb
97.82

Rlbmol

lbfft
 5451

)ft 425,65()
in.

lbf
 7.14(
























m = 3876 lb 

 

The specific internal energy of the air at state 3 (T3 = 670
o
R) is determined from Table A-22E 

using interpolation:  u3 = 114.40 kJ/kg.   

 

The work associated with the control volume is due to expansion of the balloon at constant 

pressure 

lbfft 787

Btu 1

ft 1

in. 144
)ft 100,49ft 425,65(

in.

lbf
7.14)(

2

2
33

223
3

2cv










  VVppdVW  

Wcv = 44,417 Btu 

 

Substituting values and solving for time associated with process 2-3 give 

 

h 1

min 06

h

Btu
107

Btu) 417,44()
lb

Btu
34.128

lb

Btu
04.92(lb) 3609()

lb

Btu
34.128

lb

Btu
4.114(lb) 3876(

6



t

 

  t = 1.04 min 

 

Solving for time associated with the entire inflation process yields 

 

t3 = t2 + (t)23 = 10 min + 1.04 min = 11.04 min 

 

































































































































































































































































PROBLEM 6.1 

 

Construct a plot, to scale, showing constant-pressure lines of 5.0 and 10 MPa ranging from 100 

to 400
o
C on a T-s diagram for water. 

 

Data Table 

 

p = 5.0 MPa = 50 bar 

T (
o
C) s (kJ/kg∙K) Table/Comments 

100 1.3030 Table A-5/compressed liquid 

200 2.3255 Table A-5/compressed liquid 

264.0 2.9202 Table A-3/saturated liquid @ 50 bar 

264.0 5.9734 Table A-3/saturated vapor @ 50 bar 

320 6.320 Table 4-4/superheated vapor - interpolating 

360 6.500 Table 4-4/superheated vapor - interpolating 

400 6.655 Table 4-4/superheated vapor - interpolating 

 

p = 10.0 MPa = 100 bar 

T (
o
C) s (kJ/kg∙K) Table/Comments 

100 1.2992 Table A-5/compressed liquid 

220 2.5039 Table A-5/compressed liquid 

311.1 3.3596 Table A-3/saturated liquid @ 50 bar 

311.1 5.6141 Table A-3/saturated vapor @ 50 bar 

320 5.7103 Table 4-4/superheated vapor 

360 6.0060 Table 4-4/superheated vapor 

400 6.2120 Table 4-4/superheated vapor 
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) 
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T-s Diagram for Water 

50 bar 
100 bar 



PROBLEM 6.2 

 

Construct a plot, to scale, showing constant-pressure lines of 1000 and 1500 lbf/in.
2
 ranging from 

300 to 1000
o
F on a T-s diagram for water. 

 

Data Table 

 

p = 1000 lbf/in.
2
 

T (
o
F) s (Btu/lb∙

o
R) Table/Comments 

300 0.43552 Table A-5E/compressed liquid 

400 0.59472 Table A-5E/compressed liquid 

544.75 0.7432 Table A-3E/saturated liquid @ 1000 lbf/in.
2
 

544.75 1.3903 Table A-3E/saturated vapor @ 1000 lbf/in.
2
 

600 1.4450 Table 4-4E/superheated vapor  

800 1.5665 Table 4-4E/superheated vapor 

1000 1.6530 Table 4-E/superheated vapor  

 

p = 1500 lbf/in.
2
 

T (
o
F) s (Btu/lb∙

o
R) Table/Comments 

300 0.43463 Table A-5E/compressed liquid 

400 0.56343 Table A-5E/compressed liquid 

596.39 0.8082 Table A-3E/saturated liquid @ 50 bar 

596.39 1.3359 Table A-3e/saturated vapor @ 50 bar 

650 1.401 Table 4-4E/superheated vapor - interpolating 

800 1.506 Table 4-4E/superheated vapor - interpolating 

1000 1.600 Table 4-4E/superheated vapor - interpolating 
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T-s Diagram for Water 

p = 1000 lbf/in2 
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PROBLEM 6.3 

 

 
 

 



PROBLEM 6.4 

 

Using the appropriate tables, determine the change in specific entropy between the specified 

states, in Btu/lb∙
o
R.  Show the states on a sketch of the T-s diagram. 

 

(a) water, p1 = 10 lbf/in.
2
, saturated vapor; p2 = 500 lbf/in.

2
, T2 = 700

o
F. 

(b) ammonia, p1 = 140 lbf/in.
2
, T1 = 160

o
F; T2 = - 10

o
F, h2 = 590 Btu/lb. 

(c) air as an ideal gas, T1 = 80
o
F, p1 = 1 atm; T2 = 340

o
F, p = 5 atm. 

(d) oxygen as an ideal gas, T1 = T2 = 520
o
R, p1 = 10 atm, p2 = 5 atm. 

 

(a)  water, p1 = 10 lbf/in.
2
, saturated vapor; p2 = 500 lbf/in.

2
, T2 = 700

o
F. 

 

      State 1: Table A-3E: s1 = 1.7877 Btu/ lb∙
o
R 

      State 2: Table A-4E: s2 = 1.6112 Btu/ lb∙
o
R     →    Δs = - 0.1765 Btu/ lb∙

o
R      

 
(b)  ammonia, p1 = 140 lbf/in.

2
, T1 = 160

o
F; T2 = - 10

o
F, h2 = 590 Btu/lb. 

      State 1: Table A-15E: s1 = 1.3025 Btu/ lb∙
o
R 

      State 2:  Table A-113E:  h2 < hg@ -10
o
F.  The quality is x2 = 

         

            
  0.969 

 s2 = sf2 + x2(sg2 – sf2) = 0.0729 + (0.969)(1.3544 – 0.0729) = 1.3147 Btu/ lb∙
o
R      

 Δs = 0.0122 Btu/ lb∙
o
R      

 
 

 

T 

s 

700
o
F 

10 lbf/in.
2
 

500 lbf/in.
2
 

. 

. 
(2) 

(1) 

T 

s 

160
o
F 

140 lbf/in.
2
 

. 

. 

(2) 

(1) 

-10
o
F 

23.738 lbf/in.
2
 



PROBLEM 6.4 (CONTINUED) 

 

(c)  air as an ideal gas, T1 = 80
o
F = 540

 o
R, p1 = 1 atm; T2 = 340

o
F = 800

 o
R, p = 5 atm. 

      For air as an ideal gas; Δs = s
o
(T2) – s

o
(T1) – R ln (p2/p1).  With data from Table A-22E 

 

 Δs = (0.69558) – (0.60078) – (1.986/28.97) ln(5/1) = - 0.01553 Btu/lb∙
o
R 

 

 

 

 

 

 

 

 

 

 

 

 

(d)  oxygen as an ideal gas, T1 = T2 = 520
o
R, p1 = 10 atm, p2 = 5 atm. 

       For oxygen as an ideal gas; Δs =  
               

 
   – R ln (p2/p1).  Since T1 = T2 

 

 Δs = - (1.986/32.00) ln(5/10) = 0.04302 Btu/lb∙
o
R 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T 

s 

(1) 

(2) 

540
o
R 

800
o
R 

1 atm 

5 atm 

. 

. 

T 

s 

(1) (2) 
T1 = T2 =  520

o
R 
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5 atm 
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PROBLEM 6.5 

 
//(a) 
pa = 0.20  //bar 
sa = 4.3703  // kJ/kg K 
xa = x_sP("Water/Steam", sa, pa) 
ha = hsat_Px("Water/Steam", pa, xa)     
 
 
//(b) 
pb = 10 //bar 
ub = 3124.4  // kJ/kg 
ub = u_PT("Water/Steam", pb, Tb) 
sb = s_PT("Water/Steam", pb, Tb)   
 
//(c) 
Tc = -28  // oC 
xc = 0.8 
pc = Psat_T("R134A", Tc) 
sc = ssat_Px("R134A", pc, xc) 
 
//(d) 
Td = 20  // oC 
sd = 5.0849  // kJ/kg K 
pd = Psat_T("Ammonia", Td)   
sd = ssat_Px("Ammonia", pd, xd) 
ud = usat_Px("Ammonia", pd, xd)   

 

Results  

IT: h = 1431 kJ/kg  

Problem 6.3: h = 1430.55 kJ/kg 
 

Results  

IT: s = 7.762 kJ/kg∙K  

Problem 6.3: s = 7.7622 kJ/kg∙K 
 

Results  

IT: s = 0.7649 kJ/kg∙K  

Problem 6.3: s = 0.7649 kJ/kg∙K 
 

Results  

IT: u = 1332 kJ/kg 

Problem 6.3: u = 1331.94 kJ/kg 
 



PROBLEM 6.6 

 
// (a) 
pa1 = 10  // lbf/in^2 
xa1 = 1 
pa2 = 500  // lbf/in^2 
Ta2 = 700  // oF 
sa1 = ssat_Px("Water/Steam", pa1, xa1) 
sa2 = s_PT("Water/Steam", pa2, Ta2)  
dels_a = sa2 - sa1 
 
// (b) 
p1b = 140  // lbf/in^2 
T1b = 169  // oF 
T2b = -10  // oF 
h2b = 590  // Btu/lb 
s1b = s_PT("Ammonia", p1b, T1b) 
p2b = Psat_T("Ammonia", T2b)   
h2b = hsat_Px("Ammonia", p2b, x2b)   
s2b = ssat_Px("Ammonia", p2b, x2b) 
dels_b = s2b - s1b 
 
// (c)  
Tc1 = 80  // oF 
pc1 = 14.696  // lbf/in^2 
Tc2 = 340  // oF 
pc2 = 5*14.696  // lbf/in^2 
sc1 = s_Tp("Air",Tc1,pc1) 
sc2 = s_Tp("Air",Tc2,pc2) 
dels_c = sc2 - sc1 
 
// (d) 
Td = 520 - 460  // oF 
pd1 = 10*14.696  // lbf/in^2 
pd2 = 5*14.696  // lbf/in^2 
sd1 = s_Tp("O2",Td,pd1) 
sd2 = s_Tp("O2",Td,pd2) 
dels_d = sd2 - sd1 

 

 

 

 

Results 

IT:  Δs = - 0.1765 Btu/lb∙
o
R 

Problem 6.4:  Δs = - 0.1765 Btu/lb∙
o
R 

 

Results 

IT:  Δs = 0.003552 Btu/lb∙
o
R 

Problem 6.4:  Δs = 0.0122 Btu/lb∙
o
R 

Note:  the change is entropy is very 

small, so round-off errors result in a 

significant difference in the two 

values in this case. 

Results 

IT:  Δs = -0.01545 Btu/lb∙
o
R 

Problem 6.4:  Δs = -0.01553 Btu/lb∙
o
R 

 

Results 

IT:  Δs = 0.04304 Btu/lb∙
o
R 

Problem 6.4:  Δs = 0.04302 Btu/lb∙
o
R 

 



PROBLEM 6.7 

 

 

 

 

 



PROBLEM 6.8 

 

 
 

 



PROBLEM 6.9 

 

 
  



PROBLEM 6.9 (CONTINUED) 

 

 
 

 



PROBLEM 6.10 

 

 

 

 
 

 

 

Propane undergoes a process from state 1, where p1 = 1.4 MPa, T1 = 60
o
C, to state 2, 

where p2 = 1.0 MPa, during which the change in specific entropy is s2 – s1 = - 0.035 

kJ/kg∙K.  At state 2, determine the temperature, in 
o
C, and the specific enthalpy, in kJ/kg.   

    = 1.81 kJ/kg∙K 



PROBLEM 6.11 

 

 

 
 



PROBLEM 6.12 

 

 
 

 



PROBLEM 6.13 
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o
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2
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2
 

2 

. 
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PROBLEM 6.14 

 

Five kg of nitrogen (N2) undergoes a process from p1 = 5 bar, T1 = 400 K to p2 = 2 bar, T2 = 500 

K.  Assuming ideal gas behavior, determine the change in entropy, in kJ/K, with (a) constant 

specific heats evaluated at 450 K, and (b) variable specific heats. 

Compare results and discuss. 

 

(a)  For an ideal gas with constant specific heats; Δs = cp ln(T2/T1) – R ln(p2/p1).  From Table A-

20 for nitrogen at 450 K: cp = 1.049 kJ/kg∙K.  Thus 

 

 ΔS = m [cp ln(T2/T1) – R ln(p2/p1)] 

 

      = (5 kg) [(1.049 kJ/kg∙K) ln(500/400) – (8.314/28.01 kJ/kg∙K) ln(2/5)] = 2.530 kJ/K 

 

(b) Data from Table A-23 can be used to account for specific heat variation.  Thus 

 

ΔS = m { 
               

 
  - R ln(p2/p1)} 

 

      = (5 kg){ 
                 

     
 

  

    
 - (8.314/28.01 kJ/kg∙K) ln(2/5)} = 2.531 kJ/K 

Discussion 

 

The two values are almost exactly the same, indicating that using the cp value at the midpoint 

temperature and the constant specific heat relationship is extremely accurate in this case.  The 

result could be significantly different if the temperature range were greater. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 6.15 

 

 
 

 



PROBLEM 6.16 

 

 
 

 

Q 



PROBLEM 6.17 

 

 
 

 



PROBLEM 6.18   

 

 

 



PROBLEM 6.19 

 

Ethylene gas (C2H4) enters a compressor operating at steady state at 310K, 1 bar and is 

compressed to 600K, 5 bar.  Assuming the ideal gas model, determine the change in specific 

entropy of the gas from inlet to exit, in kJ/kg∙K. 

 

Assuming the ideal gas model for ethylene gas at the stated conditions, the change in specific 

entropy is 

  

 Δs =  
     

 
  

  
  

 – R ln (p2/p1) 

 

Table A-21 lists the coefficients of the fourth-order polynomial cp function for ethylene gas.  

Evaluating the integral 

 

  
     

 
  

  

  
 = R [    

  

  
              

  
    

 

 
    

  
    

 

 
     

  
    

 

 
 ] =  

 

  (8.314/28.05)[           
   

   
                                           

         

 
  

                 
         

 
                   

         

 
 ] 

 

=  1.3311 kJ/kg∙K 

 

Now 

Δs =  
     

 
  

  

  
 – R ln (p2/p1) = 1.3311 – (8.314/28.05) ln(5/1) = 0.8541 kJ/kg∙K 

 

Checking the Applicability of the Ideal Gas Model 

 

From Table A-1: Tc = 283 K and pc = 51.2 bar 

             

State 1:  pR1 = 1/51.2 ≈  0.02 and TR1  310/283 ≈  1.1      →  (Fig. A-1) Z1 ≈ 1 

 

State 1:  pR2 = 5/51.2 ≈  0.1 and TR2 = 310/283 ≈  2.12     →  (Fig. A-1) Z2 ≈ 1 

 

Alternative IT Solution 

 
T1 = 310 
p1 = 1 
T2 = 600 
p2 = 5 
 
s1 = s_Tp("C2H4",T1,p1) 
s2 = s_Tp("C2H4",T2,p2) 
dels = s2 – s1 

 

IT Result 

Δs = 0.8528 kJ/kg∙K 



PROBLEM 6.20 

 

 

 
 



PROBLEM 6.21 

 

 

 
 



PROBLEM 6.22 

 

A system consisting of 2 kg of water initially at 160
o
C, 10 bar, undergoes an internally 

reversible, isothermal expansion during which there is energy transfer by heat into the system of 

2700 kJ.  Determine the final pressure, in bar, and the work, in kJ. 

 

KNOWN:  Two kg of water undergoes an isothermal process from a specified initial state.  The 

energy transfer by heat is given. 

 

FIND:  Determine the final pressure and the work. 

 

SCHEMATIC AND GIVEN DATA:   

 
 

ANALYSIS:  Using assumptions (2) and (3), and the definition of entropy change: dS=  
  

 
 
   
   

 

     
   

 = T(S2 – S1) = mT(s2 – s1) 

or, on rearrangement and with data from Table A-2: s1 ≈ sf@160 C = 1.9427 kJ/kg∙K 

 

 s2 = s1 +     
   

 /mT = 1.9427 kJ/kg∙K + (2700 kJ)/[(2 kg)(433 K)] = 5.0605 kJ/kg∙K 

 

Since sf < s2 < sg at 160
o
C, state 2 is in the two-phase liquid-vapor region, and the quality is 

 

 x2 = 
      

       
 = 

             

             
 = 0.649 

 

and the pressure is the saturation pressure at 160
o
C: p2 = 6.178 bar 

 

With modeling assumption (4), the energy balance reduces to give 

 

 W = Q + m(u1 – u2) 

 

With data from Table A-2; u1 = uf(160
o
C) = 674.86 kJ/kg and  

 

 u2 = uf2 + x2(ug2- uf2) = 674.86 + (0.649)(2568.4 – 674.86) = 1903.77 kJ/kg 

Finally 

 W = (2700 kJ) + (2 kg)(674.86 – 1903.77)kJ/kg = 242.2 kJ (out) 

 

Water 

m = 2 kg 

Q = 2700 kJ 

W 
T = 160

o
C 

p1 = 10 bar 

ENGINEERING MODEL:  (1) The water is the 

closed system.  (2) The expansion takes place 

isothermally.  (3) The process is internally 

reversible.  (4) Kinetic and potential energy effects 

can be neglected. 

T 

s 

160
o
C 

10 bar 

6.178 bar 

(1) 

(2) 
. . 



PROBLEM 6.23 

 

 
 

 



PROBLEM 6.24 

 

 

 
 



PROBLEM 6.25 

 

 



PROBLEM 6.26 

 

A gas initially at 2.8 bar and 60
o
C is compressed to a final pressure of 14 bar in an isothermal 

internally reversible process.  Determine the work and heat transfer, each in kJ per kg of gas, if 

the gas is (a) Refrigerant 134a, (b) air as an ideal gas.  Sketch the process on p-v and T-s 

coordinates. 

 

KNOWN: A gas is compressed isothermally with no internal irreversibilities from a specified 

initial state to a specified final pressure. 

 

FIND: Determine the work and the heat transfer, per unit mass of gas, for (a) R-134a), (b) air as 

an ideal gas.  Sketch the process on p-v and T-s coordinates. 

 

SCHEMATIC AND GIVEN DATA:   

 

ANALYSIS:  Using modeling assumption (2), the definition of entropy change: dS =  
  

 
 
   
   

 can be used 

to obtain 

  Q =     
 

 
 = mT( s2 – s1)   →   Q/m = T( s2 – s1)    (*) 

 

The energy balance reduces to give:  ΔU = Q – W  →  W/m = Q/m + (u1 – u2)    (**) 

 

(a)  R-134a  From Table A-12:  u1 = 277.23 kJ/kg, s1 = 1.1079 kJ/kg∙K; u2 = 262.17 kJ/kg, s1 =0.9297kJ/kg∙K 

Thus 

 Q/m = (60 + 273)K(0.9297 – 1.1079) kJ/kg∙K = -59.34 kJ/kg (out) 

 

 W/m = (-59.34 kJ/kg) + (277.23 – 262.17)kJ/kg = - 44.28 kJ/kg (in) 

 

 

 

 

 

 

 

 

 

 

 

 

Gas 

T = 60
o
C 

p1 = 2.8 bar 

 

p2 = 14 bar 

ENGINEERING MODEL:  (1) The gas is a 

closed system.  (2) The compression takes place 

isothermally and with no internal 

irreversibilities.  (3)  Kinetic and potential 

energy effects are negligible.  (4) For part (b), 

the air behaves as an ideal gas. 

p 

v 

T 

1 

s 

2.8 bar 

. 
1 

2 2 

2.8 bar 

14 bar 

14 bar 

16.813bar 

16.813bar 

. 
. . 



PROBLEM 6.26 (CONTINUED) 

 

(b)  Air  Since T1 = T2, the specific entropy change of the air reduces to 

 

 s2 – s1 = - R ln (p2/p1) =   
     

     

  

    
  ln 

      

       
  = -0.46139 kJ/kg∙K 

and 

 Q/m = T( s2 – s1) = (333 K)(- 0.46139 kJ/kg∙K) = -153.81 kJ/kg (out)  

 

Since T1 = T2, the change in specific internal energy is zero, and  

 

 W/m = Q/m + (u1 – u2)  = -153.81 kJ/kg (in) 
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PROBLEM 6.27 

 

Nitrogen (N2) undergoes an internally reversible process from 6 bar, 247
o
C during which pv1.20

 = 

constant.  The initial volume is 0.1 m
3
 and the work for the process is 121.14 kJ.  Assuming ideal 

gas behavior, and neglecting kinetic and potential energy effects, determine heat transfer, in kJ, 

and the entropy change, in kJ/K.  Show the process on a T-s diagram. 

 

KNOWN:  Nitrogen at specified initial volume, pressure, and temperature undergoes a 

polytropic process with known work. 

 

FIND: Determine heat transfer and the entropy change.  Show the process on a T-s 

diagram. 

 

SCHEMATIC AND GIVEN DATA: 

 
 

.

.

p

V

ENGINEERING  MODEL: (1)The nitrogen is a closed system.  (2) Nitrogen can be modeled as an 

ideal gas.  (2)The nitrogen undergoes an internally reversible polytropic process in which pv1.20
 

=constant.  (3)  The system is at an equilibrium state initially and finally.  (4)  There is no change in 

kinetic or potential energy between the initial and final states. 

 

ANALYSIS:  For the polytropic process, the work can be expressed using the ideal gas equation of state as 

 

 W =     
  

  
 = 

           

        
 = 

         

      
    →   T2 = 

         

  
 + T1 

The mass is 

  

 m = 
    

   
 = 

               

 
     

     
 
  

    
        

 = 0.3887 kg 

and 

 T2 = 
                   

            
     

     
 
  

    
 
 + (520 K) = 310 K 

 

Now, since the final temperature is known, the final pressure can be determined from Eq. 3.56, as follows 

 

 p2  = p1  
  

  
 

    

      
 = (6 bar)  

   

   
 

    

      
 = 0.2693 bar 

 

The energy balance reduces to:  ΔKE + ΔPE + ΔU = Q – W.  With ΔU = m(u2 – u1)  

 

 Q = m(u2 – u1) + W 

 

Values from Table A-23 are expressed on a molar basis:      = 10,848 kJ/kmol and     = 6,437 kJ/kmol.  

Thus 

 Q = (0.3887 kg)  
     

  

    
              

             
  + (121.14 kJ) = 59.93 kJ  

 

 

 

Nitrogen 

(N2) 

p1 = 6 bar, T1 = 247
o
C = 520 K, V1 = 0.1 m

3
 

 

pv1.20
 = constant 

 

Q 

 

W = 121.14 kJ 

 
520 K 

 

(2) 

 

(1) 

 6 bar 

 

T2 

 

p2 

 



The positive entropy change indicates the entropy of the system increased during the process. 

 

PROBLEM 6.27 (CONTINUED) 

 

The change in entropy is  

 

 S(T2,p2) – S(T1,p1) = m 
          

      

 
       

  

  
   

 

From Table A-23:           = 207.792 kJ/kmol∙K  and          = 192.638 kJ/kmol∙K.  Thus 

 

S(T2,p2) – S(T1,p1) = (0.3887 kg)  
               

     
 

  

    
   

     

     
 
  

    
    

          

     
    

 

        = 0.1478 kJ/K 

 

The T-s diagram is 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T 

s 

. 

310 K 

520 K 

6 bar 

0.2693 bar 

(2) 

(1) 

. 



PROBLEM 6.28 

 

 
 

 



PROBLEM 6.29 

 

 
  



PROBLEM 6.29 (CONTINUED) 

 
 



PROBLEM 6.30 

 

 



PROBLEM 6.31 

 

 



PROBLEM 6.32 

 
 



PROBLEM 6.33 

 

 



PROBLEM 6.33 (CONTINUED) 

 

 



PROBLEM 6.34 

 
 

 



PROBLEM 6.34 (CONTINUED) 

 

 



PROBLEM 6.35 

 

 



PROBLEM 6.36 

 

 



PROBLEM 6.37 

 

 



PROBLEM 6.38 

 

Carbon dioxide (CO2) gas undergoes a process in a closed system from T1 = 100
o
F, p1 = 20 

lbf/in.
2
, to T2 = 400

o
R, p2 = 50 lbf/in.

2
  The entropy produced due to internal irreversiblities 

during the process is determined to be 0.15 Btu/
o
R per lb of gas.  The carbon dioxide can be 

modeled as an ideal gas.  Determine if the energy transfer by heat, Q, is positive (into the 

system), negative (out of the system), or zero.  

 

KNOWN:  Carbon dioxide gas undergoes a process in a closed system between two specified 

states.  The entropy produced per unit mass is known. 

 

FIND:  Determine the direction of the energy transfer Q. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The carbon dioxide is a closed system.  (2) The carbon dioxide 

can be modeled as an ideal gas. 

 

ANALYSIS:  To determine the direction of Q for the process, we can use the entropy balance to 

determine the direction of the entropy transfer associated with heat, which is in the same 

direction as Q. 

 

 ΔS =   
  

 
 

 

 

 
 + σ   →    

 

 
   

  

 
 

 

 

 
 = Δs – σ/m 

 

Next, we determine Δs using data from Table A-23E as follows 

 

 Δs = 
               

 
 – R ln 

  

  
  

      =  
             

     
 

   

     
 -  

    

     
 
      

     
  

        

       
  ln  

  
   

   

  
   

   

   

      =  0.09251 Btu/lb∙
o
R 

Thus 

 
 

 
   

  

 
 

 

 

 
 = Δs – σ/m = 0.09251 – 0.15 =   0.05749 Btu/lb∙

o
R 

 

Since the entropy transfer by heat is negative, Q < 0 (out of the system). 

  

carbon 

dioxide 

(CO2) 

T1 = 100
o
F = 560

o
R 

p1 = 20 lbf/in.
2
 

 

T2 = 400
o
F = 860

 o
R 

p2 = 50 lbf/in.
2
   

 

σ/m = 0.15 Btu/lb∙
o
R 

T 

s 

. 

560
o
R 

 

(2) 

(1) 

860
o
R 

20 lbf/in.
2
 

 

50 lbf/in.
2
 

 

. 



PROBLEM 6.39 

 

 



PROBLEM 6.41 

 



PROBLEM 6.42 

 

 



PROBLEM 6.43 

 

Air is compressed adiabatically in a piston-cylinder assembly from 1 bar, 300 K to 10 bar, 600 

K.  The air can be modeled as an ideal gas and kinetic and potential energy effects are negligible.  

Determine the amount of entropy produced, in kJ/K per kg of air, for the compression.  What is 

the minimum theoretical work input, in kJ per kg of air, for an adiabatic compression from the 

given initial state to a final pressure of 10 bar? 

 

KNOWN:  Air is compressed adiabatically in a piston-cylinder.  The initial and final states are 

specified. 

 

FIND:  Determine the amount of entropy produced and the minimum theoretical work input for 

adiabatic compression from the initial state to the given final pressure, each per unit mass of air. 

 

SCHEMATIC AND GIVEN DATA: 

 
 

 

 

 

 

ANALYSIS:  To find the entropy produced, begin with the entropy balance: ΔS =   
  

 
 
 

 

 
 + σ 

Thus 

 σ/m = s2 – s1 = s
o
(T2) - s

o
(T1) – R ln(p2/p1) 

 

With data from Table A-22 

 σ/m = (2.40902 – 1.70203)kJ/kg∙K –  
     

     
 

  

    
 ln 

      

     
  = 0.04618 kJ/kg∙K 

 

The work is determined using the energy balance, as follows:                 

 

 W/m = (u1 – u2) 

 

As u varies with T for an ideal gas, the work input decreases as T2 decreases.  From the entropy 

balance 

 s2 – s1 = σ/m ≥ 0   →  s2 ≥ s1 

 

 

Air 

p1 = 1 bar 

T1 = 300 K 

 

p2 = 10 bar 

T2 = 600 K 

T 

1 bar 

s 

10 bar 

300 K 

600 K 

(1) 

(2) 

(2s) 
T2s . 

. 

. 

ENGINEERING MODEL:  (1) The air is a closed  

system.  (2)  Q = 0 and kinetic and potential energy effects are negligible.  (3) The air is 

modeled as an ideal gas.  

states not 

accessible 

adiabatically 



PROBLEM 6.43 (CONTINUED) 

 

As shown on the accompanying T-s diagram, only states at 10 bar to the right of state 2s 

(isentropic compression – with σ/m = 0) are accessible in an adiabatic compression, and the 

corresponding temperature T2s is the lowest possible temperature.  Hence, compression to state 

2s gives the minimum theoretical work input. 

 

For s2 – s1:  s
o
(T2s) = s

o
(T1) + R ln(p2/p1) = 1.70203 + (8.314/28.97) ln (10/1) = 2.36284 kJ/kg∙K 

 

Interpolating in Table A-22:  T2s ≈ 564.1 K  and u2 ≈ 407.55 kJ/kg.  With u1 = 214.07 kJ/kg 

 

#1  (W/m)min input  = (u2s – u1) = 407.55 – 214.07 = 193.48 kJ/kg  

 

 

1.   Note:  The work for actual process from state 1 to state 2 is 

 

 (W/m) input  = (u2 – u1) = 434.78 – 214.07 = 220.71 kJ/kg 

 

      which is greater than the theoretical minimum, as expected. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 6.44 

 

Five kg of carbon dioxide (CO2) gas undergoes a process in a well-insulated piston-cylinder 

assembly from 2 bar, 280K to 20 bar, 520 K.  If the carbon dioxide behaves as an ideal gas, 

determine the amount of entropy produced, in kJ/K, assuming 

(a)  constant specific heats with cp = 0.939 kJ/kg∙K. 

(b) variable specific heats.   

Compare the results of parts (a) and (b). 

 

KNOWN:  Carbon dioxide gas undergoes an adiabatic process in a piston-cylinder assembly.  

The initial and final states are specified. 

 

FIND:  Determine the amount of entropy produced assuming the ideal gas model with (a) 

constant specific heats, and (b) variable specific heats.  Comment. 

 

SCHEMATIC AND GIVEN DATA: 

 
ENGINEERING MODEL:  (1) The CO2 is a closed system.  (2) Q = 0.  (3) ΔKE = ΔPE = 0.  

(4) The CO2 behaves as an ideal gas with (a) constant specific heats, and (b) variable specific 

heats. 

 

ANALYSIS:  To determine the amount of entropy produced, we reduce the entropy balance, as 

follows 

 ΔS =   
  

 
 
 

 

 
+ σ  →  σ = ΔS = m Δs 

 

(a)  For constant cp, the change in specific entropy is  

 Δs = cp ln(T2/T1) – R ln(p2/p1) = (0.939 kJ/kg∙K) ln(520/280) –  
     

     
 

  

    
  ln(20/2) 

      = 0.14629 kJ/kg∙K   →  σ = ΔS = m Δs = (5 kg)(0.14629 kJ/kg∙K) = 0.73145 kJ/K 

 

(b)  For variable specific heats use data from Table A-23 (Note: the data are on a molar basis): 

 

 Δs =  
          

     

 
               

 

CO2 gas 

 

m = 5 kg 

P1 = 2 bar  

T1 = 280K 

 

p2 = 20 bar 

T2 = 520K 

T 

s 

20 bar 

2 bar 

520K 

280K 

. 

. 
(1) 

(2) 



PROBLEM 6.44 (CONTINUED) 

 

 

                  =   
                          

             
    

     

     
 

  

    
     

  

 
  = 0.13795 kJ/kg∙K 

Thus 

 σ = ΔS = m Δs = (5 kg)(0.13795 kJ/kg∙K) = 0.68975 kJ/K 

 

Comment 

The value for entropy production obtained using constant specific heats is approximately 6% 

higher than the value obtained when accounting explicitly for the variation in specific heats.  

This error is unnecessary, since the tabulated values are available. 

 

For reference, the value of cp provided was for cp at 400K, which is the average of the initial and 

final temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 6.45 

 

Steam undergoes an adiabatic expansion in a piston-cylinder assembly from 100 bar, 360
o
C to 1 

bar, 160
o
C.  What is work in kJ per kg of steam for the process?  Calculate the amount of entropy 

produced, in kJ/K per kg of steam. What is the maximum theoretical work that could be obtained 

from the given initial state to the same final pressure.  Show both processes on a properly-labeled 

sketch of the T-s diagram.   

 

KNOWN:  Steam undergoes an adiabatic expansion in a piston-cylinder assembly.  Data are 

given at the initial and final states. 

 

FIND:  Determine the work and entropy produced, each per unit mass of steam.  Find the 

maximum theoretical work that could be obtained from the given initial state to the same final 

pressure.  Show both processes on a T-s diagram. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
ANALYSIS:  The work is determined by reducing the energy balance, as follows. 

 

 ΔKE +ΔPE + ΔU = Q – W  →   W/m = (u1 – u2) 

 

From Table A-3: p1 = 100 bar and T1 = 360
o
C;  u1 = 2729.1 kJ/kg and s1 = 6.0060 kJ/kg∙K 

 

From Table A-3: p2 = 1 bar and T2 = 160
o
C;  u2 = 2597.8 kJ/kg and s2 = 7.6597 kJ/kg∙K 

 

 W/m = (2729.1 - 2597.8) = 131.3 kJ/kg (out, as expected)   

 

Now, the entropy production can be evaluated using the entropy balance, as follows. 

 

ΔS =   
  

 
 
 

 

 
 + σ  →  σ/m = (s2 – s1) = (7.6597 – 6.0060) kJ/kg∙K = 1.6537 kJ/kg∙K 

 

To find the maximum theoretical work, we note that since (s2 – s1) = σ/m ≥ 0;     s2 ≥ s1 

 

 

 

 

Steam 

p1 = 100 bar 

T1 = 360
o
C 

 

p2 1 bar 

T2 = 160
o
C 

ENGINEERING MODEL:  (1) The 

steam is a closed system.  (2) Q = 0.   

(3) ΔKE +ΔPE = 0. 



PROBLEM 6.45 (CONTINUED) 

 

Graphically 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From Table A-3:  p2 = 1 bar, s2s = 6.0060 kJ/kg∙K gives 

 

 x2s = 
             

                 
 = 

             

             
 = 0.7765 

and 

        u2s = uf@1 bar + x2s(ug@1 bar – uf@1 bar) = 417.36 + (0.7765)(2506.1 – 417.36) = 2039.3 kJ/kg 

 

Finally, the maximum theoretical work is 

 

 (W/m)max = (u1 – u2s) = (2729.1 – 2039.3) = 689.8 kJ/kg 

 

 

 

 

 

 

 

 

 

 

 

 

T 

s 

100 bar 

360
o
C 

1 bar 

160
o
C . . 

. 

(2) 

(2s) 

(1) 
Note that since s2 ≥ s1, state 2s is the limiting 

case when s2s = s1 (reversible expansion with 

no entropy production) .  It is not possible to 

access states to the left of state 2s adiabatically 

from state 1.   

 

Expansion to state 2s give the biggest 

difference in u, and hence the maximum 

theoretical work. 

Not accessible 

adiabatically 



PROBLEM 6.46 

 



PROBLEM 6.47 

 



PROBLEM 6.48 

 

 



PROBLEM 6.49 

 

 



PROBLEM 6.50 

 

Air as an ideal gas contained within a piston-cylinder assembly is ocmpressed between two 

specified states.  In each of the following cases, cand the process occur adiabatically?  If yes, 

determine the work in appropriate units for an adiabatic process between these states.  If no, 

determine the direction of heat transfer. 

 

(a) State 1: p1 = 0.1 MPa, T1 = 27
o
C. State 2: p1 = 0.5 MPa, T1 = 207

o
C. Use Table A-22 data. 

(b) State 1: p1 = 3 atm, T1 = 80
o
F. State 2: p1 = 10 atm, T1 = 240

o
F. Assume cp = 0.241 Btu/lb∙

o
R. 

 

KNOWN:  Air is compressed in a pistopn-cylinder assembly between two specified states. 

 

FIND:  Determine if the process can occur adiabatically.  If yes, determine the work.  If no, 

determine the direction of heat transfer. 

 

SCHEMATIC AND GIVEN DATA: 

 
 

 

 

 

 

ANALYSIS:  To determine if the process can occur adiabatically, begin with the closed system 

entropy balance:       
  

 
 
 
  .  In an adiabatic process, the underlined term vanishes, 

giving  ΔS = σ.  Since σ ≥ 0, ΔS cannot be negative.   

 

(a) With Eq. 6.20a and s
o
 data from Table A-22 

ΔS/m  = Δs = s
o
(T2) – s

o
(T1) – R ln(p2/p1) = 2.17776 – 1.70203 – (8.314/28.97)ln(0.5/0.1)  

           = +0.0137 kJ/kg∙K 

Accordingly, an adiabatic process between these state is allowed.  The energy balance gives 

ΔKE + ΔPE + m(u2 – u1) = Q – W.  Thus, with data from Table A-22 

 

 W/m = (u1 – u2) = 214.07 – 344.7 =  130.6 kJ/kg   

 

 

 

 

 

 

 

 

Air 

(a) State 1: p1 = 0.1 MPa, T1 = 27
o
C. State 2: 

p1 = 0.5 MPa, T1 = 207
o
C.  

(b) State 1: p1 = 3 atm, T1 = 80
o
F. State 2: p1 

= 10 atm, T1 = 240
o
F. 

ENGINEERING MODEL:  (1) The air is a 

closed system.  (2) Ignore kinetic and 

potential energy effects.  (3) The sir is 

modeled as an ideal gas.  For part (a), ause 

variable specific heats and Table A-22 data.  

For part (b) assume  cp = 0.241 Btu/lb∙
o
R. 

 

T 

s 

1 

2 

300 K 

480 K 

0.1 MPa 

0.5 MPa 

. 

. 



PROBLEM 6.50 (CONTINUED) 

 

(b)  With Eq. 6.22 

 

 ΔS/m  = Δs = cp ln(T2/T1)  – R ln(p2/p1) = (0.241) ln(700/540) – (1.986/28.97) lm(10/3) 

 

               =   0.02 Btu/lb∙
o
R 

From the entropy balance 

 

 (  0.02 Btu/lb∙
o
R) =   

  

 
 
 
   

 

The entropy transfer term must be negative, since the change in entropy is negative.  Therefore, 

entropy transfer by heat occurs from the system to its surroundings, and the direction of energy 

transfer by heat must be out of the system.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

σ ≥ 0 

T 

s 

1 

2 

540
o
R 

700
o
R 

3 atm . 
. 

10 atm 



PROBLEM 6.51  

 

 
 



PROBLEM 6.51 (CONTINUED) 

 

 



PROBLEM 6.52 

 

Figure P6.52 shows a piston-cylinder assembly containing 20 lb of water, initially a saturated 

liquid at 20 lbf/in.
2
 in contact with a hot plate.  Heat transfer occurs slowly from the hot plate to 

the contents of the cylinder, and the pressure of the water remains nearly constant as phase 

change occurs.  The process continues until the quality is 80%.  There is no significant heat 

transfer across the vertical surface of the cylinder or to the piston, and kinetic and potential 

energy effects are negligible.   

(a) For the water as the system, determine the work and heat transfer, each in Btu. 

(b) Consider an enlarged system that includes the bottom of the piston-cylinder assembly wall in 

contact with the hot plate such that the boundary temperature is 240
o
F.  Neglecting any change 

of state of the cylinder wall material, calculate the entropy production for the enlarged system, in 

Btu/
o
R. 

 

KNOWN:  Water in a piston-cylinder assembly is heated at constant pressure on a hot plate.  

Initially, the water is saturated liquid and the final quality is known. 

 

FIND:  For the water as the system, determine the work, heat transfer and the amount of entropy 

produced.  Consider an enlarged system that includes the bottom of the cylinder in contact with 

the hot plate and calculate the entropy production for the enlarged system. 

 

SCHEMATIC AND GIVEN DATA: 

 
 

 

ENGINEERING MODEL:  (1) For part (a), the water is the closed system.  For part (b), the 

system includes the bottom of the piston-cylinder assembly and the boundary temperature is 

240
o
F.  (2) There is no significant heat transfer across the vertical surface of the piston-cylinder 

assembly or to the piston.  (3) Kinetic and potential energy effects are negligible.   (4) Neglect 

any change of state of the cylinder wall material in contact with the hot plate. 

 

ANALYSIS:  (a) For the water as the system, the work is evaluated as follows.  Since the 

pressure is constant 

 

Water 

p = 20 lbf/in.  

m = 20 lb 

Initially saturated 

liquid 

x2 = 80% 

240
o
F = 700

o
R 

T 

s 

20 lbf/in. 

(1) (2) 
227.96 

o
F . . 



PROBLEM 6.52 (CONTINUED) 

 

 W =     
  

  
 = mp(v2 – v1) 

 

From Table A-3E: p = 20 lbf/in.
2
; v1= vf = 0.01683 ft

3
/lb and 

 

 v2 = vf + x2(vg - vf) = 0.01683 + (0.8)(20.09 - 0.01683) = 16.075 ft
3
/lb 

Thus 

 W = (20 lb)( 20 lbf/in.
2
)(16.075 – 0.01683) ft

3
/lb 

     

           
  

        

     
  = 1188.9 Btu (out)  

With model assumption (3), the heat transfer is 

 

Q = m(u2 – u1) + W 

 

Again, referring to Table A-3E at p = 20 lbf/in.
2
:  u1 = uf = 196.19 Btu/lb and  

 

 u2 = uf + x2(ug- uf) = = 196.19 + (0.8)(1082.0 – 196.19) = 904.84 Btu/lb 

Thus 

 Q = (20 lb)(904.84 – 196.19)Btu/lb + (1188.9 Btu) = 15,362 Btu (in) 

 

(b)  The entropy produced is determined using the entropy balance: 

 

 m(s2 – s1) =   
  

 
 

 

 

 
  + σ 

 

Since Tb = Thot plate, the entropy production is  

 

σ = m(s2 – s1)   
 

          
 

 

The pressure is constant and the entropies are s1 = sf = 0.3358 Btu/lb∙
o
R and s2 = 0.3358 + 

(0.8)(1.7320 – 0.3358) = 1.4528 Btu/lb∙
o
R.  Thus 

 

 σ = m(s2 – s1)   
 

          
 = (20 )(1.4528 – 0.3358)   (15,362)/(700) = 0.3943 Btu/

o
R   

 

In this case, the enlarged system has positive entropy production because it includes the 

irreversibility of the heat transfer across the bottom of the cylinder due to the fact that the 

temperature of the hot plate is greater than that of the water.   

 



PROBLEM 6.53 

 

A system consisting of 10 lb of air contained within a closed, rigid tank is initially at 1 atm and 

600
o
R.  Energy is transferred to the system by heat transfer from a reservoir at 900

o
R until the 

temperature of the air is 800
o
R.  During the process, the temperature of the system boundary 

where the heat transfer occurs is 900
o
R.  Using the ideal gas model, determine the amount of 

energy transfer by heat, in Btu, and the amount of entropy produced, in Btu/
o
R.   

 

KNOWN:  A system consisting of a fixed volume of air is heated from a specified initial state to 

a specified final temperature.   Heat transfer occurs from a reservoir at a given temperature and 

the boundary temperature where the heat transfer occurs is known. 

 

FIND:  Determine the amounts of energy transfer by heat and entropy produced. 

 

SCHEMATIC AND GIVEN DATA: 

 

ENGINEERING MODEL: (1) The air 

is a closed system.  (2) The air is modeled 

as an ideal gas.  (3) The volume is constant 

and W = 0.  (4) The boundary temperature  

where heat transfer occurs is Tb = 900
o
R. 

(5) Kinetic and potential energy effects are 

negligible.   

 

ANALYSIS:  The energy balance reduces to give: ∆U + ΔKE + ΔPE = Q – W .  With data from 

Table A-22 

  Q = m (u2 – u1) = (10 lb)(136.97 – 102.34)Btu/lb = 346.3 Btu (in) 

 

With modeling assumption 4, the entropy balance gives 

 

 ΔS = Q/Tb + σ    →   σ = m (s2 – s1) – Q/Tb 

 

For the air as an ideal gas; (s2 – s1) = s
o
(T2) – s

o
(T1) – R ln (p2/p1).  Since the volume is constant, 

p2/p1 = T2/T1.  Thus 

 

 σ = m [s
o
(T2) – s

o
(T1) – R ln (T2/T1)] – Q/Tb 

 

              = (10 lb)[(0.69558 – 0.62607 – (1.986/28.97) ln(800/600)]Btu/lb∙
o
R  - (346.3 Btu/900

o
R) 

 

   =  0.1131 Btu/
 o
R 

 

 

 

 

 

 

Reservoir 

    900
o
R 

  

       Q 

T1 = 600
o
R 

p1 = 1 atm 

 

T2 = 800
o
R 

Air 

 

10 lb 

Tb = 900
 o
R 



PROBLEM 6.54 

 

 



PROBLEM 6.55 

 

 



PROBLEM 6.56 

 

Data are provided for steady-state operation of an electric motor in Fig. P6.56.  Determine for the 

motor the rate of entropy production, in kW/K.  Repeat for an enlarged system boundary such 

that the heat transfer occurs in the nearby surroundings at Tf =  21
o
F.   

 

KNOWN:  Operating data are provided for an electric motor at steady state. 

 

FIND:   Determine (a) the electric power required, (b) the power developed by the output shaft, 

and (c) average the surface temperature. 

 

 

 

 

                          
ENGINEERING MODEL:  (1) The motor is the closed system.  (2) The system is at steady 

state. 

 

ANALYSIS:  For the motor as the system, the closed system entropy rate balance reduces as 

follows: 

 

 
  

  
 = 

  

  
 +      →         

         

  
 = 

    
  

 
             

       
 = 0.2658 kW/K 

 

For an enlarged control volume, the heat transfer rate is unchanged, but the boundary 

temperature is Tf.  The entropy production rate becomes 

 

           
      

    
         

  
 = 

    
  

 
             

      
 = 0.2852 kW/K 

 

The entropy production rate increases because the enlarged system boundary includes the 

irreversibility associated with the heat transfer from the surface of the motor to the surroundings, 

which is not included in original system. 

 

 

10 amp 

110 V 

T  = 9.7 N∙m 

1000 RPM 

Tf = 21
o
C = 294 K 

Ts 

             
      hA = 3.9 W/K 

          = 1.1 kW 

            = 1.016 kW 

Ts = 42.5
o
C = 315.5 K 



PROBLEM 6.57 

 

 
 

 

 

 

 

 

 

 

 



PROBLEM 6.57 (CONTINUED) – PAGE 2 

 

 
 

 



PROBLEM 6.57 (CONTINUED) – PAGE 3 

 



PROBLEM 6.58 

 

 



PROBLEM 6.59 

 

 



PROBLEM 6.60 

 

 



PROBLEM 6.61 

 

 



PROBLEM 6.62 

 

 



Revised 12-14 
 

Revised 12-14 
 

PROBLEM 6.63 

 

A rigid, well-insulated tank contains air.  A partition in the tank separates 12 ft
3
 of air at 14.7 

lbf/in.
2
, 40

o
F from 10 ft

3
 of air at 50 lbf/in.

2
, 200

o
F, as illustrated in fig. P6.63.  The partition is 

removed and air from the two sides mix until a final equilibrium state is attained.  The air can be 

modeled as an ideal gas, and kinetic and potential energy effects can be neglected.  Determine 

the final temperature, in 
o
F and pressure, in lbf/in.

2
  Calculate the amount of entropy produced, in 

Btu/
o
R. 

 

KNOWN:  Air is contained in a rigid, well-insulated tank on two sides of a partition.  The initial 

states of the air on each side are specified.  The partition is removed and equilibrium is attained. 

 

FIND:  Determine the final temperature and pressure and the amount of entropy produced. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

   

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The air on both sides of the partition are a closed system.  (2) 

The air is modeled as an ideal gas.  (3) Kinetic and potential energy effects can be neglected.  (4) 

There is no heat transfer from the contents of the tank to the surroundings and W = 0. 

 

ANALYSIS:  First, we use the ideal gas equation of state to calculate the masses on the left and 

right sides of the partition, respectively. 

 

 mL = 
    

   
  = 

     
   

    
         

 
    

     
 
      

     
        

 
       

     
  = 0.9526 lb 

and             mtot = 2.9981 lb 

 mR = 
    

   
  = 

        

 
    

     
      

 
   

 
  = 2.0455 lb 

 

Now, using the energy balance:  ΔKE + ΔPE + ΔU = Q – W   →  ΔU = 0 

Thus 

 U1 = mLuL + mRuR   and U2 = mtotu2 

So 

 u2 = (mLuL + mRuR)/mtot 

VL = 12 ft
3 

pL = 14.7 lbf/in.
2
 

TL = 40
o
F = 500

o
R 

VR = 10 ft
3 

PR = 50 lbf/in.
2
 

TR = 200
o
F = 660

o
R 

air  air  
air 

p2, T2 
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PROBLEM 6.61 (CONTINUED) 

 

With data from Table A-22:  uL = 85.20 Btu/lb and uR = 112.67 Btu/lb 

 

 u2 = [(0.9526 lb)(85.20 Btu/lb) + (2.0455)(112.67)]/(2.9981 lb) = 103.94 Btu/lb 

 

Interpolating in Table A-22:  T2 ≈ 609.3
o
R = 149.3

o
F 

 

The final pressure is 

 

 p2 = 
       

    
 = 

            
    

     
 
      

     
          

      
 

    

        
  = 30.75 lbf/in.

2
   

 

Now, the entropy balance reduces to:  ΔS =   
  

 
 

 

 

 
 + σ   →  σ = ΔS = mL(s2 – sL) + mR(s2 – sR) 

 

 σ = ΔS = mL[s
o
(T2) – s

o
(TL) – R ln (p2/pL)] + mR[s

o
(T2) – s

o
(TR) – R ln (p2/pR)] 

 

From Table A-22:  s
o
(TL) = 0.58233 Btu/lb∙

o
R, s

o
(TR) = 0.64902 Btu/lb∙

o
R, and s

o
(T2) ≈ 0.62973 Btu/lb∙

o
R 

Thus 

 σ = (0.9526 lb)[(0.62973 – 0.58233) Btu/lb∙
o
R – (1545/28.97) Btu/lb∙

o
R 

     

          
 ln(30.75/14.7)] 

 

   + (2.0455)[(0.62973 – 0.64902) – (1545/28.97) 
 

   
 ln(30.75/50)] 

 

    =   0.1056 Btu/
o
R  

 

The entropy production indicates that the mixing process is irreversible. 

 

 

 

 

 



PROBLEM 6.64 

 

 
  

A 



PROBLEM 6.64 (CONTINUED) 

 

 



PROBLEM 6.65 

 

 

IT Solution: 



PROBLEM 6.66 

 

 



PROBLEM 6.67 

 

 
  



PROBLEM 6.67 (CONTINUED) 

 

 



PROBLEM 6.68 

 

 



PROBLEM 6.69 

 

Consider the solid rod at steady state shown in Fig. P6.69. The rod is insulated on its lateral 

surfaces, but energy transfer occurs at the rate   
  into the rod at location 1, and energy transfer 

occurs at the rate   
  out of the rod at location 2.  Applying the energy and entropy rate balances 

to the rod as a system, determine which temperature, T1 or T2, is greater. 

 

KNOWN:  A well-insulated rod is exposed to thermal reservoir at each end with different 

temperatures.  Heat transfer occurs and the rod is at steady state. 

 

FIND:  Determine which temperature is greater, T1 or T2. 

 

SCHEMATIC AND GIVEN DATA: 

Thermal 
reservoir at T1

Thermal 
reservoir at T2

1Q 2Q

 
 

 

Now, the entropy rate balance reduces to  
  

  
 = 

   

  
 

   

  
      

Thus, with   
    

  

 

 0 = 
   

  
 

   

  
     →  0 =   

   
 

  
 

 

  
  +    

 

Solving for T2 – T1 

 

 T2 – T1 =  
      

   
    

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The rod is 

a closed system.  (2) The system is at steady 

state.  (3) There is no work and kinetic and 

potential energy effects are negligible.   

ANALYSIS:  The energy rage balance reduces to 
   

  
 

   

  
 

  

  
      

    
       

 

where the heat transfer rates are taken as the magnitudes of the respective rates.  Thus 

   
    

  

Both positive in value 

Heat transfer at 1 is in, so 

it is positive in value 

By the Second Law, the entropy 

production rate must be ≥0 
Negative sign 



PROBLEM 6.69 (CONTINUED) 

 

So, we conclude that T2 – T1 ≤ 0 and  

 

 T1 ≥ T2 

 

 

For the heat transfer in the direction shown, T1 must be greater than T2 or the Second Law would 

be violated.  The Clausius Statement of the Second Law is:  It is impossible for any system to 

operate in such a way that the sole result would be an energy transfer by heat from a cooler to 

a hotter body. 

 

Hence, this analysis illustrates the equivalence of the Clausius Statement of the Second Law 

(directionality of heat transfer) to the notion of entropy production associated with heat transfer. 

 

 

 

 

 

 

 



PROBLEM 6.70 

 

 



PROBLEM 6.71 

 

A closed, rigid tank contains 5 kg of air initially at 300 K, 1 bar.  As illustrated in Fig. 6.71, the 

tank is in contact with a thermal reservoir at 600 K and heat transfer occurs at the boundary 

where the temperature is 600K.  A stirring rod transfers 600 kJ of energy to the air.  The final 

temperature is 600 K.  The air can be modeled as an ideal gas with cv = 0.733 kJ/kg∙K and 

kinetic and potential energy effects are negligible.  Determine the amount of entropy transferred 

into the air and the amount of entropy produced, each in kJ/K.   

 

KNOWN:  Air undergoes a process in a closed rigid tank.  The work is specified and the air 

receives energy input from a thermal reservoir at a given temperature. 

 

FIND:  Determine the amount of entropy transferred into the air and the amount of entropy 

produced. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ANALYSIS:  Since the volume is constant for the closed system, v2 = v1.  Therefore, by the 

ideal gas equation of state; p2 = (T2/T1)p1 = (600/300)(1 bar) = 2 bar. 

 

To determine the amount of entropy transfer by heat into the air, we begin with the energy 

balance:  ΔKE + ΔPE + ΔU = Q – W   →   Q = m(u2 – u1) + W.  For constant specific heats 

 

 Q = mcv(T2 – T1) + W = (5 kg)(0.733 kJ/kg∙K)(600 – 300)K + (- 600 kJ) = 499.5 kJ 

 

The boundary temperature where the heat transfer occurs is constant, so the amount of entropy 

transfer associated with the heat transfer is 

 

   
  

 
 
 

 

 
 = Q/Tb = (499.5 kJ)/(600 K) = 0.8325 kJ/K 

Tb = Tres = 600 K 

 Tres = 600 K 

W = - 600 kJ 

T1 = 300 K, p1 = 1 bar 

T2 = 600 K 

m = 5 kg 

T 

s 

p2  

1 bar 

600 K 

300 K 
(1) 

(2) 
v2 = v1 

EINGINEERING MODEL:  (1) The air is a closed 

system.  (2)  The air is modeled as an ideal gas with 

cv = 0.733 kJ/kg∙K.  (3) Kinetic and potential energy 

effects are negligible. 



PROBLEM 6.69 (CONTINUED) 

 

The entropy produced is found using the entropy balance:  (S2 – S1) = Q/Tb + σ 

 

Or 

 σ = m(ss – s1) - Q/Tb 

 

The change in specific entropy can be calculated for constant specific heats using 

 

 (ss – s1) = cv ln (T2/T1) + R ln(v2 /v1) = (0.733 kJ/kg∙K) ln (600/300) = 0.5081 kJ/kg∙K 

Thus 

 σ = m(ss – s1) - Q/Tb = (5 kg)(0.50808 kJ/kg∙K) – (0.8325 kJ/K) = 1.7079 kJ/K 

 

The net entropy increase is S2 – S1 = 1.7079 + 0.8325 = 2.5404 kJ/K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 6.72 

 

 



PROBLEM 6.73 

 

 



PROBLEM 6.73 (CONTINUED) 

 

 



PROBLEM 6.74 

 

 



PROBLEM 6.75 

 

A thermodynamic power cycle receives energy by heat transfer from an incompressible body of 

mass m and specific heat c initially at temperature TH.  The cycle discharges energy by heat 

transfer to another incompressible body of mass m and specific heat c initially at a lower 

temperature TC.  There are no other heat transfers.  Works is developed by the cycle until the 

temperature of each of the two bodies is the same.  Develop an expression for the maximum 

theoretical amount of work that can be developed, Wmax, in terms of m, c, TH. and Tc. 

 

KNOWN:  A thermodynamic power cycle operates between two incompressible bodies, each 

initially at different temperatures. 

FIND:  Develop an expression for the maximum theoretical work that could be developed as 

energy is exchanged and the two bodies reach the same final temperature. 

 

 
 

 



PROBLEM 6.76 

 



PROBLEM 6.77 

 

The heat pump cycle shown in Fig. P6.77 operates at steady state and provides energy by heat 

transfer at a rate of 15 kW to maintain a dwelling at 22
o
C when the outside temperature is -22

o
C.  

The manufacturer claims that the power input required for this operating condition is 3.2 kW.  

Applying energy and entropy rate balances evaluate this claim.   

 

KNOWN:  A heat pump cycle provides energy to a dwelling at a constant rate for given inside 

and outside temperatures.  The power requirement is specified by the manufacturer.   

 

FIND:  Applying an entropy rate balance, evaluate the claim. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  First, we use the energy rate balance to find    .  For the cycle 

 

                   and                    →                    = 15 kW – 3.2 kW = 11.8 kW 

 

This rate of heat transfer would satisfy the First Law of Thermodynamics. 

The entropy rate balance reduces to:  0 = 
   

  
  

   

  
 + σcycle 

 

 σcycle = 
   

  
 

   

  
  = 

     

     
 

       

     
 = 0.004 kW 

 

Since σcycle > 0 the claimed performance satisfies the Second Law of Thermodynamics.   

 

 

 

 

 

        = 3.2 

kW 

Toutside = -22
o
C = 251 K 

Tinside = 22
o
C = 294 K 

    = 15 kW      
heat pump 

cycle 

ENGINEERING MODEL:  (1) the 

heat pump cycle is a closed system, 

operating steadily.  (2)  The heat 

transfers occur at Tinside = TH and Toutside 

= TC, respectively.  (3) The energy 

transfers are positive in the direction of 

the arrows on the accompanying 

diagram.   



PROBLEM 6.75 (CONTINUED) 

 

 

Alternative Solution Using γmax 

 

The maximum possible coefficient of performance for a heat pump cycle operating between TC 

and TH is  

 

 γmax = TH/(TH – TC) = (294)/ (294 – 251) = 6.682 

 

For the claimed cycle performance 

 

 γactual  =             = (15 kW)/(3.2 kW) = 4.6875 

 

Since γactual  < γmax, the claimed performance satisfies the Second Law of Thermodynamics.    

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



PROBLEM 6.78 

 

 
  

1 



PROBLEM 6.78 (CONTINUED) 

 

 



PROBLEM 6.79 

 

Air enters a turbine operating at steady state at 8 bar, 1400 K and expands to 0.8 bar.  The 

turbine is well-insulated, and kinetic and potential energy effects can be neglected.  Assuming 

ideal gas behavior for the air, what is the maximum theoretical work that could be developed by 

the turbine in kJ per kg of air flowing? 

 

KNOWN:  Air expands through a turbine operating at steady state from a given initial state to a 

given final pressure. 

 

FIND:  Determine the maximum theoretical work, per unit mass of air flowing.   

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

ANALYSIS:  To find the work, start with mass and energy balances:             and 

 

 
    

  
 =   

     
               

  
    

 

 
            

or 

   
      = (h1 – h2)         (*) 

 

We see that the work increases as h2 decreases, since state 1, and hence h1, is fixed. 

 

To find the minimum value for h2, we use the entropy rate balance: 

 

 
    

  
 =   

  

 
 
 

  +   (s1 – s2) +        →            = (s2 – s1) ≥ 0   →  s2 ≥ s1 

 

Thus, the Second Law constraint that      ≥ 0 restricts possible exits states as illustrated on the  

T-s diagram: 

 

 

 

 

 

 

 

 

p1 = 8 bar 

T1 = 1400 K 

 

        (1) 

    p2 = 0.8 bar 

 

 

 (2) 

  
   

air 

turbine 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at 

steady state.  (2) The turbine is well-insulated, so   
   = 0.  

(3)  The air behaves as an ideal gas.  (4)  Kinetic and 

potential energy effects can be neglected. 

T 

s 

0.8 bar 

8 bar 

. 
(2s) 

(2) 

(1) 

. 

. 1400 K 

Greatest ΔT and Δh 

States not accessible 

adiabatically 

T2 

Internally 

reversible 

Irreversible 



PROBLEM 6.77 (CONTINUED) 

 

The greatest change in specific enthalpy, which corresponds to the maximum work, is obtained 

when the expansion occurs in an internally reversible process.  The corresponding exit state is 

determined by s2s = s1 (isentropic process).  Thus 

 

 s(T2s,p2) – s(T1,p1) = s
o
(T2s) – s

o
(T1) – R ln(p2/p1)   →  s

o
(T2s) = s

o
(T1) + R ln(p2/p1)    

 

With data from Table A-22 

 

 s
o
(T2s) = 3.36200 kJ/kg∙K – (8.314/28.97) kJ/kg∙K ln (8/0.8) = 2.70119 kJ/kg∙K 

 

Interpolating in Table A-22:  T2s ≈ 788.0 K and h2s ≈ 808.8 kJ/kg 

 

Finally, from (*) 

 

 (  
     )max = (h1 – h2s) = 1515.42 – 808.8 = 706.6 kJ/kg 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 6.80 

 

 



PROBLEM 6.81 

 

States not 

accessible 

adiabatically 

Air enters a compressor operating at steady state at 15 lbf/in.
2
, 80

o
F and exits at 400

o
F.  Stray  

heat transfer and kinetic and potential energy effects are negligible.  Assuming the ideal gas model 

applies for the air, determine the maximum theoretical pressure at the exit, in lbf/in.
2
 



PROBLEM 6.82 

 

 



PROBLEM 6.83 

 

 



PROBLEM 6.84 

 

 



PROBLEM 6.85 

 

An inventor claims to have developed a device requiring no work or heat transfer input, yet able 

to produce hot and cold air streams at steady state.  Data claimed by the inventor are shown on 

the control volume in Fig. P6.85. The ideal gas model can be used for the air, and kinetic and 

potential energy effects can be neglected.  Evaluate this claim. 

 

KNOWN:  An inventor claims to have developed a device that at steady state produces hot and 

cold air streams with no work or heat transfer.  Data are provided. 

 

FIND:  Evaluate this claim. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  The device must satisfy conservation and mass and energy.  Applying mass and 

energy rate balances for the one-inlet, two-exit control volume at steady state: 

 

              
 

and, neglecting kinetic and potential energy effects  

 

 0 =            +    h1 +    h2      h3 

 

Introducing y =    /    we can combine the mass and energy rate balances to give 

 

 y = 
     

     
 

 

With data from Table A-22:  y = 
     

     
 = 

           

           
 = 0.334 

 

Accordingly, to satisfy conservation of mass and the First Law of Thermodynamics, the mass 

flow rates must be in definite proportions:     /    = 0.334 and    /    = 0.666. 

 

 

     = 0  

              (1) 

 

Air at 

20
o
C, 3 bar 

(3) 

 

Air at 

0
o
C, 2.7 bar 

Air at 

60
o
C, 2.7 bar 

(2) 

     = 0  

ENGINEERING MODEL:  (1) The 

control volume operates at steady 

state.  (2)      =      = 0.  (3)  The air 

can be modeled as an ideal gas.  (4) 

Kinetic and potential energy effects 

are negligible. 



PROBLEM 6.83 (CONTINUED) 

 

The operation must also satisfy the Second law of Thermodynamics.  The entropy rate balance at 

steady state reduces to give 

 

 0 =   
  

 
 
 

  +    s1 +    s2      s3 +      

Thus 

     /    = (        s3 – (        s2 – s1 

or 

     /    = (1 – y) s3 – ys2 – s1 = (s3 – s1) + y (s2 – s3)  

 

With data from Table A-22: 

 

s3 – s1 = s
o
(T3) – so(T1) – R ln (p3/p1) = 1.6073 – 1.6783 – (8.314/28.97) ln(2.7/3) =  0.040763 kJ/kg∙K 

 

and 

 

s2 – s3 = s
o
(T2) – so(T3) – R ln (p2/p3) = 1.8069 – 1.6073 – (8.314/28.97) ln(2.7/2.7) = 0.1996 kJ/kg∙K 

 

Finally 

     /    = (s3 – s1) + y (s2 – s3) =  0.040763 + (0.334)(0.1996) = 0.0295 kJ/kg∙K 

 

Accordingly, the Second Law of thermodynamics would be satisfied, since     /    ≥ 0.  Therefore, the 

claimed performance is consistent with conservation of mass as well as the First and Second Laws of 

Thermodynamics.    

 

 

 

 

 

 

 

 

 

 



PROBLEM 6.86 

 

 



PROBLEM 6.87 
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PROBLEM 6.88 

 

An open feedwater heater is a direct-contact heat exchanger used in vapor power plants.  Shown 

in Fig. P6.88 are operating data for an open heater with H2O as the working fluid operating at 

steady state.   Ignoring stray heat transfer from the outside of the heat exchanger to its 

surroundings and kinetic and potential energy effects, determine the rate of entropy production, 

in kW/K.   

 

KNOWN: Data are provided for the steady-state operation of an open feedwater heater. 

 

FIND:  Determine the rate of entropy production. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

  

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at steady state.  (2) For the open heater, 

  
      

    .  (3) Kinetic and potential energy effects are negligible. 

 

ANALYSIS:  First, let’s fix the states using appropriate table data.    

State 1:  The state is compressed liquid.  Treating the liquid as virtually incompressible, the 

following approximations can be used:  h1 ≈ hf(36
o
C) = 150.86 kJ/kg and s1≈sf(36

o
C) = 0.5188 

kJ/kg∙K.   

 

State 2:  Using data from Table A-3 

 h2 = hf2 + x2(hg2 – hf2) = 561.47 + (0.92)(2725.3 – 561.47) = 2552.2 kJ/kg 

and 

 s2 = sf2 + x2(sg2 – sf2) = 1.6718 + (0.92)(6.9919 – 1.6718) = 6.5663 kJ/kg∙K 

 

State 3: p3 = 3 bar, saturated liquid:  h3 = 561.47 kJ/kg and s3 = 1.6718 kJ/kg∙K 

 

Applying mass and energy balances:  0 =              →              

Neglecting kinetic and potential energy effects 

 

 0 =   
      

   +    h1 +    h2      h3  →  0 =          h1 +    h2      h3 

p3 = 3 bar 

saturated liquid 

    = 80 kg/s 

 

  (3) 

     p1 = 3 bar 

    T1 = 36
o
C 

 

(1) 

   p2 = 3 bar 

   x2 = 0.92 

(2) 

Open 

Feedwater 

Heater 

 

T 

s 

(3) 

(2) 

x2 = 0.92 
(1) 

133.6
o
C 

36
o
C 

3 bar 

. 
. . 
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PROBLEM 6.88 (CONTINUED) 

 

Or 

     =     ) 
     

     
  = (80 kg/s) 

             

             
  = 13.68 kg/s 

 

             = 80 – 13.68 = 66.32 kg/s 

 

Now, applying the entropy rate balance to the control volume at steady state 

 

 0 =   
  

 
 

 
  +    s1 +    s2      s3 +         →       =     s3      s1      s2  

 

Inserting values 

 

      = [ (80kg/s)( 1.6718 kJ/kg∙K) – (66.32)( 0.5188) – (13.68)( 6.5663)] 
    

      
  

      = 9.51 kW/K 

 

The entropy production rate is positive, indicating that the mixing of streams at different states is 

irreversible, as expected. 

 

 

 

 

 

 

 

 

 



PROBLEM 6.89 

 

 



PROBLEM 6.90 

 

 



PROBLEM 6.91 

 

Air at 200 kPa, 52
o
C, and a velocity of 355 m/s enters an insulated duct of varying cross-

sectional area.  The air exits at 100 kPa, 82
o
C.  At the inlet, the cross-sectional area is 6.57 cm

2
.  

Assuming the ideal gas model for the air, determine 

(a)  the exit velocity, in m/s. 

(b)  the rate of entropy production within the duct, in kW/K. 

 

KNOWN: Data are provided for air flowing through a variable-area, insulated duct at steady 

state. 

 

FIND:  Determine the exit velocity and the rate of entropy production within the duct. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

ANALYSIS:  (a) To get the exit velocity, we apply mass and energy rate balances at steady state 

as follows.  0 =             and  

 

 0 =   
     

                  
    

                
or 

 V2 =    
           

 

With specific enthalpy values from Table A-22  

 

 V2 =                                 
  

  
 
      

    
  

         

   
   = 254.5 m/s 

 

(b)  Reducing the entropy rate balance; 0 =   
  

 
 

 
  +   (s1 – s2) +        

or  
       =   (s2 – s1) =   [(so

(T2) – s
o
(T1) – R ln(p2/p1)] 

 

         = (0.5 kg/s)[(1.87269 – 1.78249) – (8.314/28.97) ln(100/200)]
  

    
 
    

      
   

 

         =  0.144 kW/K 

 

 

(1) 
(2) 

p1 = 200 kPa 

T1 = 52
o
C = 325 K 

V1 = 355 m/s 

A1 = 6.57 cm
2
  

p2 = 100 kPa 

T2 = 82
o
C = 355 K 

 

  
     

  
     

ENGINEERING MODEL: (1) The control 

volume is at steady state.  (2)   
     

    . 

(3)  Potential energy effects are negligible.  

(4) The air is modeled as an ideal gas.     

 

 



PROBLEM 9.92 

 
 



PROBLEM 6.93 

 
 

 

 

 

 

 

Continued → 

  



PROBLEM 6.93 (CONTINUED) 

 

 



PROBLEM 6.94 

 

 



PROBLEM 6.95 

 

 

The figure below 



PROBLEM 6.96 

 

Students in a laboratory are studying air flowing at steady state through a horizontal, insulated 

duct.  One student group reports the measured pressure, temperature, and velocity at one location 

in the duct as 0.95 bar, 67
o
C, and 75 m/s, respectively.  The group reports the following values at 

another location in the duct: 0.8 bar, 22
o
C, and 310 m/s.  The group neglected to note the 

direction of flow on the data sheet, however.  Using the data provided, determine the direction of 

flow. 

 

KNOWN:  Data are known for air flow at two locations in a horizontal, well-insulated duct.   

 

FIND:  Determine the direction of flow. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

ANALYSIS:  To determine the direction of flow, let us apply the entropy rate balance at steady 

state, assuming the direction of flow as shown above and calculate        .  If the value is greater 

than zero, the assumption is correct.  If the value is less than zero, the flow is in the opposite 

direction to the direction assumed. 

 

At steady state: 0 =  
   

  
  +   (s1 – s2) +         →            = (s2 – s1) ≥ 0 

For air as an ideal gas, with data from Table A-22 

 

s2 – s1 = s
o
(T2) – s

o
(T1) – R ln(p2/p1) 

 

            = (1.68515 – 1.82790)k/kg∙K – (8.314/28.97)( k/kg∙K) ln (0.8/0.95) 

 

            =  - 0.0934 k/kg∙K 

 

Accordingly, the assumption that the flow is from left to right is incorrect.  The direction of flow 

is from right to left. 

 

   (1) 

p1 = 0.95 bar 

T1 = 67
o
C = 340 K 

V1 = 75 m/s 

(2) 

p2 = 0.8 bar 

T2 = 22
o
C = 295 K 

V2 = 310 m/s 

Assumed  

direction  

of flow 

 ENGINEERING MODEL:  (1) The control 

volume is at steady state.  (2)      = 0.  (3)  The air 

is modeled as an ideal gas.   



PROBLEM 9.97 

 

 



PROBLEM 6.98 

 

Steam at 550 lbf/in.
2
, 700

o
F enters a turbine operating at steady state and exits at 1 lbf/in.

2
 The 

turbine produces 500 hp.   For the turbine, heat transfer is negligible as are kinetic and potential 

energy effects.   

(a)  Determine the quality of the steam at the turbine exit, the mass flow rate, in lb/s, and the 

entropy production rate, in Btu/s∙
o
R, if the turbine operates without internal irreversibilities. 

(b)  Plot the mass flow rate, in lb/s, and the entropy production rate, in Btu/s∙
o
R, for exit qualities 

ranging from the value calculated in part (a) to 1.   

 

KNOWN:  Data are given for a steam turbine operating at steady state.  The power is pecified. 

 

FIND:  (a) For internally reversible operation, determine the exit quality, the mass flow rate, and 

the rate of entropy production.  (b) Plot the mass flow rate and entropy production rate versus 

exit quality ranging from the value calculated in part (a) to 1. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at steady state.  (2)   
       (3) Kinetic 

and potential energy effects can be neglected. 

 

ANALYSIS:  For the control volume at steady state:            and the entropy rate 

balance reduces to give 

 

 0 =   
   

  
   +                  →                                   (*) 

 

(a)  For an internally reversible expansion,        and s2 = s1.  Let’s call this state 2s as shown 

on the T-s diagram.  Interpolating in Table A-4;  h1 = 1353.6 Btu/lb and s1 = 1.5992 Btu/lb∙
o
R.  

For state 2s, we use data from Table A-3: 

  

 x2s = 
       

       
 = 

             

              
 = 0.7948 

and 

 h2s = hf2 + x2s(hg2 – hf2) = 69.74 + (0.7948)(1105.8 – 69.74) = 893.2 Btu/lb 

 

                      (1) 

 

p1 = 550 lbf/in.
2
 

T1 = 700
o
F 

(2)      p1 = 1 lbf/in. 

  
   = 500 hp 

T 

s 

(1) 
550 lbf/in.

2
 

1 lbf/in.
2
 

700
o
F 

(2) (2s) 

. 

. . . 



PROBLEM 6.98 (CONTINUED)  

 

The energy rate balance reduces to:  0 =   
      

               
   

    
  

 
            

Thus 

    = 
    

       
 = 

        

                    
 
          

    
  

   

      
  = 0.7678 lb/s 

 

(b)  The following is the IT code used to generate the data for the plots. 
// Given Data 
p1 = 550  //lbf/in^2 
T1 = 700  //F 
p2 = 1  //lb/in^2 
Wdot = 500 //hp 
 
// Determine Properties 
h1 = h_PT("Water/Steam", p1, T1)  
s1 = s_PT("Water/Steam", p1, T1)  
s2s = s1 
s2s = ssat_Px("Water/Steam", p2, x2s)  
h2s = hsat_Px("Water/Steam", p2, x2s) 
 
x2 = 1 
h2 = hsat_Px("Water/Steam", p2, x2)   
s2 = ssat_Px("Water/Steam", p2, x2)    
 
// Energy and Entropy Balances 
Wdot = mdot*(h1 - h2)*(3600/2545)  
sigmadot = mdot*(s2 - s1) 
 
// Sweep x2 from 0.795 to 1.0 in steps of 0.01 
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/s

 R
)
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0.1

0

The values in the table above compare favorably with the values calculated in Part (a) for the base 

case of internally reversible operation.  The graphs indicate that as the exit quality increases, the 

process is increasingly irreversible, as indicated by the increased entropy production rate.  The 

required mass flow rate increases in order to maintain constant power output as the change in 

specific enthalpy decreases from inlet to exit with increasing irreversibility. 

 x2 = 0.7945 x2 = 0.8 x2 = 0.9 x2 = 1 

h2 (Btu/lb) 892.7 898.4 1002 1106 

s2 (Btu/lb∙
o
R) 1.599 1.609 1.793 1.978 

     (Btu/s∙
o
R) 0 0.007834 0.1957 0.5406 

  (lb/s) 0.7678 0.7767 1.006 1.426 
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PROBLEM 6.99 

 

Ammonia enters the compressor of an industrial refrigeration plant at 2 bar,    o
C with a mass 

flow rate of 15 kg/min and is compressed to 12 bar, 140
o
C.    Heat transfer occurs from the 

compressor to its surroundings at a rate of 6 kW.  For steady state operation with negligible 

kinetic and potential energy effects, determine (a) the power input to the compressor, an KW, 

and (b) the rate of entropy production, in kW/K, for a control volume enclosing the compressor 

and its immediate surroundings such that the heat transfer occurs at 300 K.  

 

KNOWN:  Ammonia is compressed in a compressor.  Data are provided for steady state 

operation. 

 

FIND:  Determine the power input and the rate of entropy production for a control volume 

enclosing the compressor and its immediate surroundings.   

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

  

 

 

 

 

ENGINEERING MODEL:  (1) The control volume shown is at steady state.  (2) Heat transfer 

occurs to the surroundings at 300 K.  (3) Kinetic and potential energy effects can be ignored.   

 

ANALYSIS:  First, we fix the states.  Both states are in the superheated vapor region, as can be 

verified.  From Table A-15:  h1 = 1440.31 kJ/kg, s1 = 5.6781 kJ/kg∙K and h2 = 1757.26 kJ/kg, s2 

= 5.7850 kJ/kg∙K. 

 

(a)  To determine the power input, we use the steady state control volume energy rate balance, 

which reduces to  

 

 0 =   
     

              
   

    
  

 
            

or 

   
     

      h1 – h2) = (-6 kW) + (15 kg/min) 
     

    
 (1440.31 – 1757.26)kJ/kg 

    

      
  

          = - 85.24 kW (in) 

 

 

 

 

                   (1) 

p1 = 2 bar 

T1 = - 10
o
C  

   = 15 kg/min 

(2) 

     p1 = 12 bar 

    T1 = 140
o
C  

  
   =   6 kW 

  
   = ? 

12 bar 

2 bar 

- 10
o
C 

140
o
C T 

s 

(1) 

(2) . 

. 

Tsurr = 300 K 
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PROBLEM 6.99 (CONTINUED) 

 

(b) The steady state control volume entropy rate balance reduces to 

 

 0 = 
    

     
 +   (s1 – s2) +      

or 

      =   
    

     
 +   (s2 – s1) =   

     

    
  + (15/60)kg/s(5.7850 – 5.6781) kJ/kg∙K 

    

      
  

 

       =  0.04673 kW/K  

 

 

 

 

 

 

  



PROBLEM 6.100  

 

Refrigerant 22 in a refrigeration system enters one side of a counter-flow heat exchanger at 12 

bar, 28
o
C.  The refrigerant exits at 22 bar, 20

o
C.  A separate stream of R-22 enters the other side 

of the heat exchanger as saturated vapor at 2 bar and exits as superheated vapor at 2 bar.  The 

mass flow rates of the two streams are equal.  Stray heat transfer from the heat exchanger to its 

surroundings and kinetic and potential energy effects are negligible.   Determine the entropy 

production in the heat exchanger, in kJ/K per kg of refrigerant flowing.  What gives rise to the 

entropy production in this application? 

 

KNOWN:  Two streams of R-22 pass though opposite sides of a counter-flow heat exchanger 

operating at steady state with equal mass flow rates.  Data are known for each stream. 

 

FIND:  Determine the entropy production for the heat exchanger per unit mass of refrigerant 

flowing.   

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

  

ENGINEERING MODEL:  (1) The control volume is at  

steady state.  (2)            .  (3) Kinetic and potential energy 

effects are negligible. 

 

ANALYSIS:  To fix state 4, we write mass and energy rate balances.  The mass balances reduce 

at steady state to          and         .  Further,               

  

 0 =           +   [(h1 – h2) + (h3 – h4)]   →   h4 = h1 – h2 + h3 

 

From Table A-7:  h1 ≈ hf(28
o
C) = 79.05 kJ/kg  and s1 ≈ sf(28

o
C) = 0.2936 kJ/kg∙K 

                 h2 ≈ hf(20
o
C) = 69.09 kJ/kg  and s2 ≈ sf(20

o
C) = 0.2607 kJ/kg∙K 

 

From Table A-8: h3 = hg(2 bar) = 239.88 kJ/kg and s3 = sg(2 bar) = 0.9691 kJ/kg∙K 

 

 h4 = h1 – h2 + h3 = 79.05 – 69.09 + 239.88 = 249.84 kJ/kg 

 

Interpolating in Table A-9: T4 ≈ - 9.815
o
C  and s4 ≈ 1.0081 kJ/kg∙K 

 

The entropy rate balance reduces as follows:  0 =   
   

  
   +   [(s1 – s2) + (s3 – s4)] +      

Thus 

         = (0.2607 – 0.2936) + (1.0081 – 0.9691) = 0.0061 kJ/ kg∙K  

 

The entropy production is due to irreversible heat transfer between the two streams.  There 

would be a small effect of frictional pressure drop, but pressure drops have been ignored. 

12 bar       (1) 

28
o
C 

(2)  12 bar       

        20
o
C 

(3)      

2 bar        

sat. vapor 

                (4)       

             2 bar  

          sup. vapor 

s 

T 

(1) 
28

o
C 

-25.8
o
C 

T4 
2 bar 

12 bar 

(2) 

(3) 

(4) 

20
o
C 

. 
. 

. 
. 



PROBLEM 6.101 

 

 
 

 



PROBLEM 6.102 

 

 



PROBLEM 6.103 

 

Refrigerant 134a is compressed from 2 bar, saturated vapor, to 10 bar, 90
o
C, in a compressor 

operating at steady state.  The mass flow rate of refrigerant entering the compressor is 7 kg/min, 

and the power input is 10.85 kW.  Kinetic and potential energy effects can be neglected.   

(a) Determine the rate of heat transfer, in kW. 

(b) If the heat transfer occurs at an average surface temperature of 50
o
C, determine the rate of 

entropy production, in kW/K. 

(c) Determine the rate of entropy production for an enlarged control volume that includes the 

compressor and its immediate surroundings such that the heat transfer occurs at 300K.   

Compare the results of parts (b) and (c) and discuss. 

 

KNOWN:  Refrigerant 134a is compressed at steady state.  Data are known at the inlet and exit, 

the power is given, and the mass flow rate is known.  

 

FIND:  Determine the heat transfer rate, and the rate of entropy production for a control volume 

enclosing just the compressor and for an enlarged control volume that includes the compressor 

and its immediate surroundings.  Discuss. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at steady state.  (2) Kinetic and potential 

energy effects are negligible. 

 

ANALYSIS:  (a)  To find the rate of heat transfer, start with the mass and energy rate balances.  

For the one-inlet, one-exit control volume at steady state:             and 

 

            0 =   
     

               
  

    
 

 
             

Solving 

     
     

                      (*) 

 

State 1:  2 bar, sat. vapor;  h1 = 241.30 kJ/kg and s1 = 0.9253 kJ/kg∙K 

 

State 2:  10 bar, 90
o
C;  superheated vapor;  h2 = 324.01 kJ/kg and s2 = 1.0707 kJ/kg∙K 

 

Thus, inserting values into (*) and converting units 

 

Tb = 50
o
C 

Tsurr = 300K 

  
  = - 10.85 kW 

2 bar 

Sat. vapor 

    = 7 kg/min 

 

                  (1) 

10 bar 

90
o
C  

 

(2) 

  
   

T 

s 

(2) 

(1) 

90
oC 

10 bar 

2 bar 

. 

. 



PROBLEM 6.103 (CONTINUED) 

 

   
    (-10.85 kW) + (7 kg/min)(324.01 – 241.30)kJ/kg 

     

    
  

    

      
  = -1.2 kW (out) 

 

(b)  Now, applying the steady-state entropy balance to the one-inlet, one-exit control volume 

enclosing the compressor 

 

 0 = 
    

  
 +               

or 

        
  

  

  
            

 

                    =  
         

       
 + (7 kg/min)(1.0707 – 0.9253)kJ/kg∙K 

     

    
  

    

      
  = 0.02068 kW/K 

 

(c)  For the enlarged control volume, the heat transfer rate is unchanged (steady state conditions 

dictate that the heat transfer rate out of the compressor equals the heat transfer rate into the 

surroundings).  However, the entropy transfer occurs at Tsurr instead of Tb.  Thus 

 

        
  

  

     
           

 

         =  
         

       
 + (7 kg/min)(1.0707 – 0.9253)kJ/kg∙K 

     

    
  

    

      
  = 0.02096 kW/K 

Discussion 

The rate of entropy production for the compressor accounts for irreversibilities within the 

compressor, such as fluid friction and internal heat transfer.  Associated with the heat transfer is 

entropy transfer to the surroundings that is not included in the entropy production.   

  

For the enlarged control volume, the irreversibility associated with heat transfer from the surface 

of the compressor to the surroundings is included in the control volume, resulting in increased 

entropy production.   

 

 

 

 



PROBLEM 6.104 

 

Nitrogen (N2) enters a well-insulated diffuser operating at steady state at 0.656 bar, 300 K with a 

velocity of 282 m/s.  The inlet area is 4.8 x 10
-3

 m
2
.  At the diffuser exit, the pressure is 0.9 bar 

and the velocity is 130 m/s.  The nitrogen behaves as an ideal gas with k = 1.4.  Determine the 

exit temperature, in K, and the exit area, in m
2
.  For a control volume enclosing the diffuser, 

determine the rate of entropy production, in kJ/K per kg of nitrogen flowing.    

 

KNOWN: Nitrogen gas flows through a well-insulated diffuser operating at steady state.  

Conditions are known at the inlet and exit. 

 

FIND: Determine the exit temperature and area and the rate of entropy production for a control 

volume enclosing the diffuser. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at 

steady state.  (3)   
  =   

  = 0.  (3) The nitrogen is modeled 

as an ideal gas with k = 1.4.  (4) Potential energy effects can  

be neglected. 

 

ANALYSIS:  To find the exit temperature, applying mass and energy rate balances, as follows. 

 

             and 0 =   
     

     [(h1 – h2) +  
  

    
 

 
  +g(z1 – z2)] 

With h2 – h1 = cp(T2 – T1) we get 

 

 T2 =  
 

  
   

  
    

 

 
  + T1 

For k = 1.4:  cp = kR/(k – 1) = (1.4)(8.314/28.01)/(1 – 1.4) kJ/kg∙K = 1.0389 kJ/kg∙K 

 

 T2 =  
 

      
 
    

  
   

         

 

  

    
    

      
  

   

         
  + (300 K) = 330.33 K 

 

The exit area is found from 

 

 (A2V2)/v2 = (A1V1)/v1    →  A2 = A1(V1/V2)(v2/v1) 

 

 

                      (1) 

 

p1 = 0.656 bar 

T1 = 300 K 

V1 = 282 m/s 

A1 = 4.8 m
2
 

(2) 

 

      p1 = 0.9 bar 

     V1 = 130 m/s 

  
  = 0 

  
  = 0 



PROBLEM 6.104 (CONTINUED) 

 

With the ideal gas equation of state:  v2/v1 = (T2/T1)(p1/p2) 

 

 A2 = A1(V1/V2) (T2/T1)(p1/p2)  

 

      =  (4.8 x 10
-3

 m
2
)(282/130)(330.33/300)(0.656/0.9) = 8.357 x 10

-3
 m

2
 

 

Applying the entropy rate balance to a control volume enclosing the diffuser 

 

 0 =   
   

  
   +                   →                  

 

For an ideal gas with constant specific heats 

 

                =         
  

  
        

  

  
    

The mass flow rate is 

 

    = (A1V1)/(v1) = (A1V1)(RT1/p1)  

 

     =                   
 

 
  

 
     

     
 

  

    
        

           
 

     

       
  

      

    
  = 1.837 kg/s 

and 

 

      (1.837kg/s)[(1.0389 kJ/kg∙K) ln(330.33/300) – (8.314/28.01 kJ/kg∙K) ln(0.9/0.656)] 
    

      
  

 
     =  0.01132 kW/K 
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PROBLEM 6.105 

 

Refrigerant 22 enters the evaporator heat exchanger of an air conditioning system at 80 lbf/in.
2
, 

with a quality of 0.2.  The refrigerant stream exits at 80 lbf/in.
2
, 60

o
F.  Air flows in counterflow 

through the heat exchanger, entering at 14.9 lbf/in.
2
, 80

o
F, with a volumetric flow rate of 100,000 

ft
3
/min and exiting at 14.5 lbf/in.

2
, 65

o
F.  Operation is at steady state, stray heat transfer from the 

outside of the heat exchanger to the surroundings can be neglected, and kinetic and potential 

energy effects are negligible.  Assuming ideal gas behavior for the air, determine the rate of 

entropy production in the evaporator, in Btu/min∙
o
R.   

 

KNOWN:  Data are provided for the steady state operation of an evaporator heat exchanger with 

R-22 and air as the two fluid streams.   

 

FIND:  Determine the rate of entropy production in the evaporator.   

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  Mass rate balances for each stream reduce, respectively to                and 

             .  The air mass flow rate is  

 

       = 
     

  
 = 

       

   
 = 

       
  

   
      

   

    
 

 
    

     
 
      

     
         

 
        

     
  = 7450 lb/min 

 

To determine the mass flow rate of refrigerant, we reduce the energy rate balance as follows. 

 

 0 =   
     

   +       (h1 – h2) +       (h3 – h4) 

or 

       =       [(h3 – h4)/(h2 – h1)]       (*) 

 

From Table A-8E; h1 = hf1 + x1(hg1 – hf1) = 21.01 + (0.2)(108.00 – 21.01) = 38.408 Btu/lb. 

From Table A-9E; h2 = 111.97 Btu/lb.  For the air, we use Table A-22E; h3 = 129.06 Btu/lb and 

h4 ≈ 125.47 Btu/lb.  The mass flow rate of refrigerant is 

 

       =(7450 lb/min)[(129.06 – 125.47)/(111.97 – 38.408) = 363.6 lb/min 

 

p1 = 80 lbf/in.
2
 

x1 = 0.2 

       (1) 

p2 = 80 lbf/in.
2
 

T2 = 60
o
F 

 

(2) 
R-22 

 

 

Air   

(3) 

T3 = 80
o
F = 540

o
R 

P3 = 14.9 lbf/in.
2
 

(AV)1 = 100000 ft
3
/min 

 

  

    (4) 

 

T4 = 65
o
F = 525

o
R 

P4 = 14.5 lbf/in.
2
 

(AV)1 = 1000 ft
3
/min 

 

ENGINEERING MODEL:  (1) The 

control volume is at steady state.  (2) For 

the control volume,   
     

    .   

(3) Kinetic and potential energy effects are 

negligible.   (4) The air can be modeled as 

an ideal gas.   
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PROBLEM 6.105 (CONTINUED)  

 

Now, applying the entropy rate balance 

 

0 =   
   

  
   +       (s1 – s2) +       (s3 – s4) +        →        =       (s2 – s1) +       (s4 – s3) 

 

For the refrigerant, s1 = sf1 + x1(sg1 – sf1) = 0.0456 + (0.2)(0.2205 – 0.0456) = 0.08058 Btu/lb∙
o
R 

and s2 = 0.2283 Btu/lb∙
o
R.  For the air 

 

 s4 – s3 = s
o
(T4) – s

o
(T3) – R ln(p4/p3) 

 

Thus, with data from Table A-22E 

 

      = (363.6 lb/min)(0.2283 – 0.08058) Btu/lb∙
o
R  

 

              + (7450 lb/min)[(0.59399 – 0.60078) - (1545/28.97)ft∙lbf/lb∙
o
R 

     

          
  ln 

    

    
        

        = 17.023 Btu/min∙
o
R 

 

The entropy production rate is positive, indicating irreversibilities within the heat exchanger.  

The primary irreversibility is the heat transfer between the two streams.  The pressure drop on 

the air side due to friction contributes a small amount as well. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 6.106 

 

 



PROBLEM 6.107 

 

 

 

The figure 



PROBLEM 6.107 (CONTINUED) 

 

 



PROBLEM 6.108 

 

 



PROBLEM 6.109 

 

 



PROBLEM 6.110 

 

Figure P6.110 shows an air compressor and regenerative heat exchanger in a gas turbine system 

operating at steady state.  Air flows from the compressor through the regenerator, and a separate 

stream of air passes though the regenerator in counterflow.  Operating data are provided on the 

figure.  Stray heat transfer to the surroundings and kinetic and potential energy effects can be 

neglected.  The compressor power input is 6700 kW.  Determine the mass flow rate of air 

entering the compressor, in kg/s, the temperature of the air exiting the regenerator at state 5, in 

K, and the rates of entropy production in the compressor and regenerator, in kW/K.   

 

KNOWN:  Data are provided for steady-state operation of an air compressor and regenerative 

heat exchanger.   

 

FIND:  Determine the mass flow rate of air entering the compressor, the temperature of the air 

exiting the regenerator, and the rates of entropy production in the compressor and regenerator. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  Energy and mass rate balances for the control volume enclosing the compressor 

reduce to 

 0 =   
     

                →          
              

 

From Table A-22:  h1 = 300.19 kJ/kg and h2 = 628.07 kJ/kg.  Thus 

 

      (-6700 kJ/s)(300.19 – 628.07)kJ/kg = 20.43 kg/s 

  

Now, applying the energy rate balance to the control volume enclosing the regenerator, with 

       , we get 

 

Compressor 

Regenerator 

Air in               1 

 

T1 = 300 K 

p1 = 1 bar 

T2 = 620 K 2 

p2 =  12 bar 

               

 
 

3 

 T3 = 760 K 

 p3 =  12 bar 

               

 
 

Air in  

T4 = 780 K 

  p4 = 1 bar               

4                  
                 

 T5 = ? 

 p5 = 1 bar 

                           5  

 
 

  
         = 6700 kW  

               = 6700 kJ/s 

ENGINEERING MODEL: (1) The control volumes 

are at steady state.  (2) For each control volume,   
   = 

0.  For the regenerator,   
   = 0.  (3) Kinetic and 

potential energy effects are neglected.  (4) The air is 

modeled as an ideal gas. 



PROBLEM 6.110 (CONTINUED) 

 

 0 =    [(h2 – h3) + (h4 – h5)]   →   h5 = h2 – h3 + h4 

 

From Table A-22:  h3 = 778.18 kJ/kg  and  h4 = 800.03 kJ/kg.  Thus 

 

 h5 = 628.07 – 778.18 + 800.03 = 649.92 kJ/kg 

 

Interpolating in Table A-22:  T5 ≈ 640 K  

 

Now, the entropy rate balance for the compressor reduces to 

 

 0 =   
   

  
   +    (s1 – s2) +              →             =     [(s

o
(T2) - s

o
(T1) – R ln (p2/p1)] 

 

From Table A-22;  s
o
(T1) = 1.70203 kJ/kg∙K  and  s

o
(T2) = 2.44356  kJ/kg∙K .  Thus 

 

           = (20.43 kg/s)[(2.44356 – 1.70203) – (8.314/28.97) ln(12/1)]kJ/kg∙K 
    

      
    

       = 0.5801 kW/K 

 

For the regenerative heat exchanger 

 

 0 =   
   

  
   +    [(s2 – s3) + (s4 – s5)] +          

 

          =    {[(s
o
(T3) - s

o
(T2) – R ln(p3/p2)] + [(s

o
(T5) - s

o
(T4) – R ln(p5/p4)]]} 

 

From Table A-22:  s
o
(T3) = 2.66176 kJ/kg∙K,  s

o
(T4) = 2.69013 kJ/kg∙K, s

o
(T5) = 2.47716 kJ/kg∙K 

 

Finally 

          = (20.43)[(2.66176 – 2.44356) + (2.47716 – 2.69013)] = 0.1068 kW/K 

 

 

 

 

 



PROBLEM 6.111 

 

 

The figure 

(e) If the goal is to increase the power developed per kg 

of steam flowing, which of the components (if any) 

might be eliminated?  Explain. 



PROBLEM 6.112 

 

 



PROBLEM 6.112 (CONTINUED) 

 

 



PROBLEM 6.113 

 

 



PROBLEM 6.114 

 

 



PROBLEM 6.115 

 

A tank of volume 1 m
3
 initially contains steam at 60 bar, 320

o
C.  Steam is withdrawn slowly from the 

tank until the pressure drops to 15 bar.  An electric resistor in the tank transfers energy to the steam 

maintaining the temperature constant at 320
o
C during the process.  Neglecting kinetic and potential 

energy effects, determine the amount of entropy produced, in kJ/K.  

 

KNOWN:  Steam is withdrawn slowly from a rigid tank.  The initial state is specified and the 

final pressure is known.  A resistor within the tank maintains a constant temperature during the 

process. 

 

FIND:  Determine the amount of entropy produced. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  The mass rate balance takes the form dmcv/dt =        →  dmcv =     dt 

Using the modeling assumptions listed, the entropy rate balance reduces to  

 

 
    

  
 =    

   

  
                   →  dScv =                 

 

Combining these and solving for the entropy production term 

 

        = dScv + sedmcv  

 

Integrating 

 

 σcv =             +        
  

  
       (*) 

 

The mass in the tank at any time is m = V/v, where v is the specific volume at that instant 

determined by 320
o
C and the tank pressure.  Initially p1 = 60 bar, so v1 = 0.03876 m

3
/kg and s1 = 

6.1846 kJ/kg∙K.  Finally p1 = 60 bar, so v2 = 0.1765 m
3
/kg and s2 = 6.9938 kJ/kg∙K.  Thus 

 

 m1 = 1/(0.03876) = 25.8 kg  and m2 = 1/(0.1765) = 5.67 kg 

+ 

 

 

 

-  

Steam 

 

 

e 

        p1 = 60 bar 

        T1 = 320
o
C 

 

        p2 = 15 bar 

 

        V = 1 m
3
 

ENGINEERING MODEL:  (1) For the 

control volume shown,   
   = 0.  (2) Kinetic 

and potential energy effects can be ignored.  (3)  

The process happens slowly, so at each instant 

the pressure can be assumed uniform 

throughout the control volume. 



PROBLEM 6.115 (CONTINUED) 

 

Note that the integral in (*) cannot be evaluated directly since se varies as the state changes 

within the tank.  The following table provides data for pressures between 60 bar and 15 bar at 

320
o
C: 

 

p (bar) v (m
3
/kg) se (kJ/kg∙K) m (kg) 

60 .03876 6.1846 25.8 

40 0.06199 6.4553 16.13 

30 0.0850 6.6245 11.76 

20 0.1308 6.8452 7.65 

15 0.1765 6.9938 5.67 

 

These data are shown in the following plot: 

 

 
 

The value of the integral        
  

  
 is the area under the curve.  Since the variation is nearly 

linear, the integral can be approximated as 

 

        
  

  
 ≈  

             

 
  (m2 – m1) =  

             

 
 (5.67 – 25.8) =   132.64 kJ/K 

 

Thus, the entropy production is  

 

 σcv =                       
  

  
 = [(5.67)(6.9938) – (25.8)(6.1846)] – (  132.64) 

 

       =  12.73 kJ/K 

 

The process is irreversible.   



PROBLEM 6.116 

 

A two-phase liquid-vapor mixture of Refrigerant 134a is held in a large storage tank at 100 

lbf/in.
2
, 50

o
F, as illustrated in Fig. P6.116.  A technician fills a 3-ft

3
 cylinder that is initially 

evacuated to take on a service call.  The technician opens a valve and lets refrigerant from the 

storage tank flow into the cylinder until the pressure gage on the tank reads 25.5 lbf/in.
2
 (gage).  

The surrounding atmospheric pressure is 14.5 lbf/in.
2
  Assuming no heat transfer and neglecting 

kinetic and potential energy effects, determine the final mass of refrigerant in the cylinder, in lb, 

and the amount of entropy produced, in Btu/
o
R. 

 

KNOWN:  Refrigerant 13a from a large storage tank fills an initially evacuated cylinder.  

 

FIND:  Determine the final mass in the cylinder and the amount of entropy produced. 

 

SCHEMATIC AND GIVEN DATA:   

 

                           

ANALYSIS:  The mass rate balance reduces to  dmcv/dt =       →   m2 – m1 =        

And, the energy rate balance is 

 dUcv/dt =    hi    →   m2u2 =              →    m2u2 =  m2hi     →   u2 =  hi      

 

From Table A-11E;  Ti = 50
o
F is less than Tsat = 79.17

o
F at 100 lbf/in.

2
  Therefore, the refrigerant 

is at a compressed liquid state.  From Table A-10E, the specific enthalpy is hi ≈ hf(50
o
F) = 27.28 

Btu/lb.   

 

Now, the final pressure (absolute) is p2 = p2(gage) + patm = 25.5 + 14.5 = 40 lbf/in.
2
  From the 

energy balance, u2 = hi = 27.28 Btu/lb.  Therefore, with data from table A-12E;  

 

x2 = (u2 – uf2)/(ug2 – uf2) = (27.28 – 20.48)/(97.23 – 20.48) = 0.0886 

Thus 

 v2 = vf2 + x2(vg2 – vf2) = 0.01232 + (0.0886)(1.1692 – 0.01232) = 0.11482 ft
3
/lb 

Storage     i 

tank 

 

100 lbf/in.
2
 

50
o
F 

p2 (gage) = 25.5 lbf/in.
2
 

patm = 14.5 lbf/in.
2 

 

 

V = 3.5 ft
3
 

ENGINEERING MODEL:  (1) The control volume 

has one inlet and no exit.  (2) The cylinder is initially 

evacuated.  (3) For the control volume,        
       

(4) Kinetic and potential energy effects can be 

neglected.  (5)  The conditions in the storage tank are 

constant with time, so hi is constant. 



PROBLEM 6.116 (CONTINUED) 

 

and the final mass is 

 

 m2 = V/v2 = (3.5 lb)/( 0.11482 ft
3
/lb)= 30.48 lb 

 

The entropy rate balance reduces to dScv/dt  =     si +        →    m2s2 =         +        

 

Now 

 m2s2 = m2si +       →      = m2         

 

From Table A-10E:  si ≈ sf(50
o
F) = 0.0585 Btu/lb∙

o
R.  At state 2;  

 

s2 = sf2 + x2(sg2 – sf2) = 0.0452 + (0.0886)(0.2197 – 0.0452) = 0.06066 Btu/lb∙
o
R 

and 

     = m2        = (30.48 lb)(0.06066 – 0.0585) Btu/lb∙
o
R = 0.06584 Btu/

o
R 

 

 

 



PROBLEM 6.117 

 

 

with the 
and at the discharge of the pump at 70oF.  (2) Kinetic and potential energy effects can be ignored.  (3) The air  
 is modeled as an ideal gas. 



*PROBLEM 6.118 

 

Air in a  piston-cylinder assembly is expands isentropically from T1 = 1800
o
R,  p1 = 2000 

lbf/in.
2
, to p2 = 20 lbf/in.

2
   Assuming the ideal gas model, determine the temperature at state 2, 

in 
o
R, using (a) data from Table A-22E, and (b) a constant specific heat ratio, k = 1.4.  Compare 

the values in pats (a) and (b) and comment.   

 

KNOWN:  Air expand isentropically in a piston-cylinder assembly from a known initial state to 

a specified final pressure.   

 

FIND:  Determine the final temperature using (a) data from Table A-22E, and (b) constant 

specific heat ratio k = 1.4. 

 

SCHEMATIC AND GIVEN DATA: 

 
ENGINEERING MODEL:  The air is a closed system.  (2) The air undergoes an isentropic 

process.  (3)  The air is modeled as an ideal gas. 

 

ANALYSIS:  (a)  For the isentropic process:  p2/p1 = pr(T2)/pr(T1) .  Thus, with data from Table 

A-22E 

 Pr(T2) = pr(T1)( p2/p1) = (114.0)(20/2000) = 1.14 

 

Interpolating in Table A-22E gives; T2 = 510.4 
o
R   

 

(b)  From Eq. 6.43 

 

 T2 = T1 
  

  
 

     

 
 = (1800 

o
R)  

  

    
 

       

   
 = 482.9 

o
R   

 

The value obtained in part (b) is about 5.4% smaller than the values obtained in part (a).  The 

approach of part (a) accounts for the variation in specific heat with temperature, whereas the 

approach in part (b) does not. 

 

* In the first printing of the 8
th

 Edition, p1 was incorrectly given as 20 and p2 was incorrectly 

given as 2000.  The values in this solution are the correct values. 

 

 

 

Air 

T 

s 

2000 lbf/in.
2
 

20 lbf/in.
2
 

1800
o
R 

T2 = ? . 

. 



PROBLEM 6.119 

 

 



PROBLEM 6.120 

 

Steam undergoes an isentropic compression in an insulated piton-cylinder assembly from an 

initial state where T1 = 120
o
C, p1 = 1 bar to a final state where the pressure is p2 = 100 bar.  

Determine the final temperature, in 
o
C, and the work, in kJ per kg of steam. 

 

KNOWN:  Steam undergoes an isentropic compression in an insulated piston-cylinder assembly.  

The initial state is fixed and the final pressure is specified. 

 

FIND:  Determine the final temperature and the work per unit mass of steam. 

 

SCHEMATIC AND GIVEN DATA:   

 

 
 

ENGINEERING MODEL:  (1) The steam is a closed  

system.  (2) Q = 0 and kinetic and potential energy effects  

can be neglected.  (3) The process is internally reversible, 

and s2 = s1. 

 

ANALYSIS:  To fix state 2, we use the pressure, 100 bar, and the specific entropy: s2 = s1.  

From Table A-4, at p1 = 1 bar, T1 = 120
o
F; s1 = 7.4668 kJ/kg∙K. Also, u1 = 2537.3 kJ/kg.  

 

The highest specific entropy value in Table A-4 at 100 bar is 7.2670 kJ/kg∙K (at 740
o
C).  

Extrapolating ; T2 ≈ 821.3
o
C.  Further, u2 ≈ 3669.4 kJ/kg.  

 

 

Using IT the values are T2 = 826.1
o
C and u2 = 3680 kJ/kg.  These values are more accurate, and 

will be used for further calculations. 

 

The work is obtained using the closed system energy balance, which reduces as follows: 

 

 ΔKE + ΔPE + ΔU = Q – W    →   W/m = (u1 – u2) 

or 

 W/m = 2537.3 – 3680 =   1142.7 kJ/kg   

 

 

Steam 

T1 = 120
o
C  

p1 = 1 bar 

 

p2 = 100 bar 

s2 = s1 

 

T 

1 bar 

120
o
C 

1 

s 

100 bar 

. 

2 
. T2 



PROBLEM 6.121 

 

 



PROBLEM 6.122 

 

 



PROBLEM 6.123 

 

 



PROBLEM 6.124 

 

 



PROBLEM 6.125 

 

 



PROBLEM 6.126 

 

Carbon dioxide (CO2) expands isentropically in a well-insulated piston-cylinder assembly from 

p1 = 200 lbf/in.
2
, T1 = 800

o
R to a final specific volume of v2 = 1.8 ft

3
/lb.  Determine the work, in 

Btu per lb of carbon dioxide, assuming the ideal gas model with  

(a) constant specific heats evaluated at 600
o
R. 

(b) variable specific heats using  IT:Interactive Thermodynamics. 

 

KNOWN:  Carbon dioxide expands isentropically in a piston-cylinder assembly from a known 

initial state to a specified final specific volume. 

 

FIND:  Determine the work per unit mass of carbon dioxide using the ideal gas model with (a) 

constant specific heats and (b) variable specific heats and IT:Interactice Thermodynamics. 

 

SCHEMATIC AND GIVEN DATA: 

 
ANALYSIS:  The specific volume at state 1 is 

 

 v1 = 
   

  
 = 

 
    

     
 
      

     
        

    
   

    
 

 
     

        
  = 0.9752 ft

3
/lb 

(a)  For constant specific heats, Eq. 6.44 relates temperature and specific volume at states of 

equal entropy.  Thus, with data from Table A-20E at 600
o
R 

 

 T2 = (v1/ v2)
k-1

 = (0.9752/1.8)
(1.202 – 1)

(800
o
R) = 706.8

o
R 

 

The energy balance reduces to 

 

 W/m = (u1 – u2) = cv(T1 – T2) = (0.224 Btu/lb∙
o
R)(800 – 706.8)

o
R = 20.88 Btu/lb 

 

(b)  Using variable specific heats, for s2 = s1 

 

 0 = s
o
(T2) – s

o
(T1) – R ln (p2/p1) 

 

This, combines with v2 = RT2/p2 gives two equations in two unknowns: T2 and p2.  Table A-23E 

can be used to solve for these unknowns, but the process would be highly iterative.  Instead, we 

can use IT: Interactive Thermodynamics. 

 

 

 

 carbon 

dioxide 

(CO2) 

p1 = 200 lbf/in.
2
 

T1 = 800
o
R 

 

v2 = 1.8 ft
3
/lb 

s2 = s1 

ENGINEERING MODEL:  (1) The carbon 

dioxide is a closed system.  (2)  The process 

is isentropic, and Q = 0. (3) The gas is 

modeled as an ideal gas with (a) constant 

specific heats and (b) variable specific heats. 

(4) Kinetic and potential energy effects can 

be neglected.   



PROBLEM 6.126 (CONTINUED) 

 

The code is 

 
p1 = 200  //lbf/in^2 
T1 = 800  //R 
v2 = 1.8  //ft^3/lb 
 
v1 = v_Tp("CO2",T1,p1)   
s1 = s_Tp("CO2",T1,p1) 
s2 = s_Tp("CO2",T2,p2) 
s2 = s1 
v2 = v_Tp("CO2",T2,p2)  
 
W/m = u1 – u2 
u1 = u_T(“CO2”,T1) 
u2 = u_T(“CO2”,T2) 
m= 1 

 

The results are: 

 

p2 = 93.04 lbf/in.
2
 

T2 = 686.8
o
R 

u1    u2 = 20.54 Btu/lb 

v1 = 0.9753 ft
3
/lb 

 

The work is  

 

 W/m = (u1 – u2) = 20.54 Btu/lb 

 

The results compare favorably.  For the temperature range of this problem, choosing the specific 

heat as constant evaluated at 600
o
 R gives a reasonable approximation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



PROBLEM 6.127 

 

 



PROBLEM 6.128 

 

 



PROBLEM 6.129 

 

 



PROBLEM 6.130 

 

 



PROBLEM 6.131 

 

 



PROBLEM 6.132 

 

Refrigerant 22 is enters a compressor operating at steady state as saturated vapor at 10 bar and 

compressed adiabatically in an internally reversible process to 16 bar.  Ignoring kinetic and 

potential energy effects, determine the required mass flow rate of refrigerant, in kg/s, if the 

compressor power input is 6 kW.   

 

KNOWN:  Refrigerant 22 is compressed at steady state from a known initial state to a given 

final pressure in an internally reversible, adiabatic process.  The power input to the compressor is 

specified. 

 

FIND:  Determine the mass flow rate of refrigerant. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  Since the process is adiabatic and internally reversible, the entropy rate balance 

reduces to give 0 =   
   

  
   +                   →   s2 = s1 

 

From Table A-8, at p1 = 10 bar, saturated vapor; h1 = 257.28 kJ/kg and s1 = 0.8952 kJ/kg∙K.  

With s2 = s1 and p2 = 16 bar, Table A-9 gives h2 = 268.58 kJ/kg.   

 

The mass and energy rate balances reduce to give  

 

0 =   
      

              
   

    
  

 
           

Thus 

      
           = (-6 kW)/(257.28 – 268.58)kJ/kg  

      

    
  = 0.531 kg/s   

                     (1) 

 

p1 = 10 bar 

saturated vapor  

 (2) 

 

    p2 = 60 bar 

  
        kW  

  
       

T 

(1) 

(2) 
60 bar 

T2 

10 bar 

. 

s 

. 

ENGINEERING MODEL:  (1) The control volume is at steady 

state.   (2) For the control volume,   
      and there are no 

internal irreversibilities.   (3) Kinetic and potential energy effects 

are negligible. 

 



PROBLEM 6.133 

 

 

Shown below is 



PROBLEM 6.134 

 

 



PROBLEM 6.135 

 

 



PROBLEM 6.136 

 

 



PROBLEM 6.137 

 

 



PROBLEM 6.138 

 

 



PROBLEM 6.139 

 

 



PROBLEM 6.140 

 

 

m3/s and 



PROBLEM 6.141 

 

Air modeled as an ideal gas enters a turbine operating at steady state at 1040 K, 278 kPa and 

exits at 120 kPa.  The mass flow rate is 5.5 kg/s, and the power developed is 1120 kW.  Stray 

heat transfer and kinetic and potential energy effects are negligible.  Assuming k = 1.4, determine 

(a) the temperature of the air at the turbine exit, in K, and (b) the isentropic turbine efficiency.   

 

KNOWN:  Air expands adiabatically through a turbine operating at steady state.  Operating data 

are known. 

 

FIND:  Determine the exit temperature and the isentropic turbine efficiency. 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at  

state.  (2)  For the control volume,   
   = 0 and kinetic and 

potential energy effects can be neglected.  (3) The air is modeled  

as an ideal gas with constant specific heats: k = 1.4. 

 

ANALYSIS:  (a) Mass and energy rate balances reduce to give:  0 =    
  +   (h1 – h2).  With  

h1 – h2 = cp(T1 – T2)  

 

 T2 = T1    
         

 

From Sec. 3.13.1; cp = kR/(k – 1) = (1.4)(8.314/28.97)/(1.4 – 1) = 1.004 kJ/kg∙K and 

 

 T2 = T1    
          = 1040 K – (1120 kW)/[(5.5 kg/s)(1.004 kJ/kg∙K) 

      

    
   

                 = 837.2 K  

 

(b)  The isentropic efficiency is ηt = (h1 – h2)/(h1 – h2s) = cp (T1 – T2)/ cp (T1 – T2s).  To get T2s we 

note that for an isentropic process of an ideal gas with constant specific heats 

 

 
   

  
 =  

  

  
 

       
    →    T2s =  

   

   
 

     

   
(1040 K) = 818.1 K 

 

Thus, the isentropic efficiency is 

 

 ηt = (1040 – 837.2)/(1040 – 818.1) = 0.914 (91.4%) 

 

 

                      (1) 

 

p1 = 278 kPa 

T1 = 1040 K 

   = 5.5 kg/s (2) 

 

      p2 = 120 kPa 

 

  
  = 1120 kW 

T 

s 

(1) 

278 kPa 

120 kPa 

1040 K . 

(2s) 
(2) 
. 

. 



PROBLEM 6.142 

 

Water vapor at 1000
o
F, 140 lbf/in.

2
 enters a turbine operating at steady state and expands to 2 

lbf/in.
2
, 150

o
F.   Stray heat transfer and kinetic and potential energy effects are negligible.   

Determine the actual work and the maximum theoretical work that could be developed for a 

turbine with the same inlet state and exit pressure, each in Btu per lb of water vapor flowing.   

 

KNOWN:  Water vapor expands adiabatically through a turbine operating at steady state.  

Operating data are known. 

 

FIND:  Determine the maximum theoretical work, per unit mass of steam flowing, for a turbine 

with the same inlet state and exit pressure. 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at  

state.  (2) For the control volume,      = 0 and kinetic and 

potential energy effects can be neglected.  (3) For the maximum work, the expansion occurs 

without internal irreversibilities.   

 

ANALYSIS:  The mass and energy rate balances reduce to give  

 

         = h1 –h2    

 

From Table A-4E: h1 = 1531.0 Btu/lb and h2 = 1127.5 Btu/lb.  Thus 

 

         = (1531.0 – 1127.5)  = 403.5 Btu/lb 

 

To determine the maximum theoretical work, we use the entropy balance, which reduces as 

follows for the one-inlet, one-exit control volume at steady state: 0 =   
   

  
   +   (s1 – s2) +      

Thus 

 (s2 – s1) =           ≥ 0  and  s2 ≥ s1 

 

The states to the left of point 2s are therefore inaccessible adiabatically.  For the maximum work; 

         
 
 = h1 –h2s, where h2s is the entropy for isentropic expansion to state 2s (constant 

entropy).  Using data from Table A-3e, with s2s = s1 = 1.8827 Btu/lb∙
o
R 

           
 

(2) 

 

      p2 = 1 lbf/in.
2
 

     T2 = 150
o
 

f 

 

T 

s 

(1) 

140 lbf/in.
2
 

1 lbf/in.
2
 

1040 K 

. 

(2) 
. 

. 

                         (1) 

 

p1 = 140 lbf/in.
2
 

T1 = 1000
o
F 

 

(2s) 

1000
o
F 

150
o
F 

These states are 

inaccessible 

adiabatically 



 

PROBLEM 6.142 (CONTINUED) 

 

 

 x2s = (s2s – sf2)/(sg2 – sf2) = (1.8827 – 0.1327)/(1.9779 – 0.1327) = 0.9484 

and 

 h2s = hf2 + x2s(hg2 – hf2) = (69.74 + (0.9484)(1105.8 – 69.74) = 1052.3 Btu/lb 

Finally 

          
 
 = (1531.0 – 1052.3) = 478.7 Btu/lb. 

 

Note: The isentropic efficiency is                      
 

  = 403.5/478.7 = 0.843 (84.3%) 



PROBLEM 6.143 

 

 



PROBLEM 6.144 

 

Water vapor at 5 MPa, 320
o
C enters a turbine operating at steady state and expands to 0.1bar.  

The mass flow rate is 2.52 kg/s, and the isentropic turbine efficiency is 92%.  Stray heat transfer 

and kinetic and potential energy effects are negligible.  Determine the power developed by the 

turbine, in kW. 

 

KNOWN:  Data are given for a turbine operating adiabatically at steady state.  The mass flow 

rate and the isentropic turbine efficiency are specified. 

 

FIND:  Determine the power developed by the turbine. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at  

state.  (2)  For the control volume,   
   = 0 and kinetic and 

potential energy effects can be neglected.   

 

ANALYSIS:  Reducing the mass and energy rate balances;   
            .  Also, the 

isentropic turbine efficiency is ηt = (     )/(       ).  Combining these expressions  

 

   
                       (*) 

 

Interpolating in Table A-4 at 50 bar, 320
o
C; h1 ≈ 2984 kJ/kg and s1 ≈ 6.320 kJ/kg∙K 

 

With data from Table A-3 

 

 x2s = (s2s – sf2)/(sg2 – sf2) = (6.320 – 0.6493)/(8.1502 – 0.6493) = 0.756 

Thus 

 h2s = hf2 + x2s(hg2 – hf2) = 191.83 + (0.756)(2584.7 – 191.83) = 2000.8 kJ/kg 

 

Substituting values into Eq. (*) 

  

   
   = (2.52 kg/s)(0.92)(2984 – 2000.8)kJ/kg 

    

      
  = 2279 kW 

 

(2) 

 

      p2 = 0.1 bar 

 

 

s 

(1) 

0.1 bar 

(2) 
. . 

                         (1) 

 

p1 = 5 MPa 

T1 = 320
o
C 

 

   = 2.52 kg/s 

 

(2s) 

320
o
C 

 

η = 90%  

. 

5 MPa = 50 bar 

bar 

  
   



PROBLEM 6.145 

 

Air enters the compressor of a gas turbine power plant operating at steady state at 290 K, 100 

kPa and exits at 330 kPa.  Stray heat transfer and kinetic and potential energy effects are 

negligible.  The isentropic compressor efficiency is 90.3%.  Using the ideal gas model for air, 

determine the work input, in kJ per kg of air flowing.   

 

KNOWN:  Air is compressed adiabatically.  The state is known at the inlet and the exit pressure 

is specified.  The isentropic compressor efficiency is known. 

 

FIND:  Determine the work per unit mass of air flowing.   

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at steady state.  (2)         and kinetic 

and potential energy effects are negligible.  (3)  The air is modeled as an ideal gas. 

 

ANAYSIS:  The mass and energy rate balances reduce to give         = (h1 – h2).  With the 

isentropic compressor efficiency: ηc = (h1 – h2s)/(h1 – h2) 

 

         = (h1 – h2s)/ηc 

 

To find h2s, use Eq. 6.41 and data from Table A-22: pr2 = pr1(p2/p1) = 1.2311 (330/100) = 4.0626 

Interpolating in Table A-22; h2s ≈ 408.5 kJ/kg.  Also, at 290 K, h1 = 290.16 kJ/kg.  Thus 

 

          = (290.16 – 408.5)/(0.903) =  131.05 kJ/kg (in) 

 

 Note:  As indicated on the T-s diagram… 

T2s ≈ 407.4 K and h2 = 290.16 + 131.05 = 421.2 kJ/kg   →   T2 ≈ 420 K 

 

 

 

 

 

 

 

 

                         (1) 

T1 = 290 K 

p1 = 100 kPa 

(2)      

p2 = 330 kPa 

T 

100 kPa 

(1) 

(2) 
(2s) 

290 K 

s 

330 kPa 

     

Air 

ηc=90.3% 

420 K 
407.4 K 

. 
. 

. 



PROBLEM 6.146 

 

Oxygen (O2) at 25
o
C, 100 kPa enters a compressor operating at steady state and exits at 260

o
C, 

650 kPa.  Stray heat transfer and kinetic and potential energy effects are negligible.  Modeling 

the oxygen as an ideal gas with k = 1.379, determine the isentropic compressor efficiency and the 

work in kJ per kg of oxygen flowing. 

 

KNOWN:  Oxygen is compressed adiabatically in a compressor operating at steady state.  The 

inlet and exit states are specified.  

 

FIND:  Determine the isentropic compressor efficiency 

and the work per unit mass of oxygen flowing. 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is at steady state.  (2)         and kinetic 

and potential energy effects are negligible.  (3)  The oxygen is modeled as an ideal gas, with k = 

1.379. 

 

ANALYSIS:  By Eq. 3.47a, cp = kR/(k 1).  So, if k is constant, cp is also constant.  For the given 

value of k 

  cp =  [(1.379)(8.314/32.00)]/(1.379 – 1) = 0.9453 kJ/kg∙K 

 

Accordingly, the isentropic compressor efficiency is 

 

 ηc = (h2s – h1)/(h2 – h1) = [cp(T2s – T1)]/[ cp(T2 – T1)] = (T2s – T1)/(T2 – T1)  (*) 

 

With Eq. 6.47 

  T2s = T1 
  

  
 

   

 
  = (298 K) 

   

   
 

       

     
 = 498.5 K 

Thus, from (*) 

 

 ηc = (498.5 – 298)/(533 – 298) = 0.8532 (85.32 %) 

 

The work per unit mass of oxygen flowing is 

 

         = (h1 – h2) = cp(T1 – T2) = (0.9453 kJ/kg∙K)(298 – 533)K =  222.1 kJ/kg (in) 

 

                         (1) 

T1 = 25
o
C  

     = 298K 

p1 = 100 kPa 

(2)      

T2 = 260
o
C = 533K 

p2 = 650 kPa 

T 

100 kPa 

(1) 

(2) 
(2s) 

298 K 

s 

650 kPa 

     

Oxygen 
 

533 K 
 

. 
. 

. 



PROBLEM 6.147 

 

 



PROBLEM 6.148 

 

 



PROBLEM 6.149 

 

 



PROBLEM 6.150 

 

 



PROBLEM 6.151 

 

 
  



PROBLEM 6.151 (CONTINUED)  

 

 



PROBLEM 6.152 

 

 



PROBLEM 6.153 

 

 
  

     



PROBLEM 6.153 (CONTINUED) 

 

 



PROBLEM 6.154 

 

 



PROBLEM 6.155 

 

 



PROBLEM 6.156 

 
 



PROBLEM 6.157 

 

 



PROBLEM 6.158 

 

As part of an industrial process, air as an ideal gas at 10 bar, 400K expands at steady state 

through a valve to a pressure of 4 bar.  The mass flow rate of air is 0.5 kg/s.  The air then passes 

through a heat exchanger where it is cooled to a temperature of 295K with negligible change in 

pressure.  The valve can be modeled as a throttling process, and kinetic and potential energy 

effects can be neglected.   

(a)  For a control volume enclosing the valve and heat exchanger and enough of the local 

surroundings that the heat transfer occurs at the ambient temperature of 295 K, determine the rate 

of entropy production, in kW/K.   

(b)  If the expansion valve were replaced by an adiabatic turbine operating isentropically, what 

would be the entropy production?   

Compare the results of parts (a) and (b) and discuss. 

 

KNOWN:  As part of an industrial process, air is first expanded though a valve and then cooled 

to the ambient temperature at steady state.  Data are known at various steps in the process.   

 

FIND:  For a control volume enclosing the valve and heat exchanger and enough of the local 

surroundings that the heat transfer occurs at the ambient temperature, volume enclosing the valve 

and heat exchanger and enough of the local surroundings that the heat transfer occurs at the 

ambient temperature.  Repeat if the valve were replaced by an isentropic turbine.  Comment. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

ANALYSIS: (a)  To begin, we consider separate control volumes for the valve and the heat 

exchanger.  For the valve:  the process is a throttling process, so h2 = h1 (See Section 4.10.1).  

Since the air behaves as an ideal gas, T2 = T1.  The entropy rate balance reduces to:   

 

0 = 
       

  
 +   (s1 – s2) +        .   

Thus 

         =   (s2 – s1) =    (so
(T2)  – s

o
(T1) – R ln(p2/p1)]  

 

           =    – R ln(p2/p1)] = (0.5 kg/s)[ (8.314/28.97) ln(4/10)]kJ/kg∙K 
    

      
  = 0.13148 kW/K 

 

Now, for the heat exchanger: 0 =   
   +   (h2 – h3).  With data from Table A-22 

   
   =   (h3 – h2) = (0.5 kg/s)(295.17 – 400.98)kJ/kg 

    

      
  =  52.91 kW (out) 

  

                (1) 

 

p1 = 10 bar 

T1 = 400 K 

   = 0.5 kg/s 

        (2) 

 

 

p2 = 4 bar 

(3) 

 

 

p3 = 4 bar 

T3 = 295 K 

heat exchanger 

valve 
Tsurr = 295 K 

  
   

ENGINEERING MODEL: (1) The 

control volumes shown are at steady 

state.  (2)  The air passing through the 

valve undergoes a throttling process.  

(3) For the heat exchanger,   
   = 0.  

(4) The air can be modeled as an ideal 

gas.  (5) Kinetic and potential energy 

effects can be neglected.   



PROBLEM 6.158 (CONTINUED) – PAGE 2 

 

The entropy rate balance for the heat exchanger becomes:  0 = 
    

     
 +   (s1 – s3) +      .  Thus 

      =  
  

  

     
 +   (s3 – s2) =  

  
  

     
 +    (so

(T3)  – s
o
(T2) – R ln(p3/p2) 

 

With data from Table A-22 

     =  
  

  

     
 +    so

(T3)  – s
o
(T2)] 

      =    ( 52.91 kW)/(295 K) + (0.5 kg/s)(1.68515 – 1.99194)kJ/kg∙K 
    

      
   = 0.02596 kW/K 

 

Thus, the total rate of entropy production is      = 0.13148 + 0.02596 = 0.15744 kW/K 

 

Note that 83.5% of the entropy production occurs in the valve. 

 

(b)  Turning now to the case where the valve is replaced by a turbine operating isentropically, the 

schematic becomes 

 

 

 

 

  

 

 

 

 

 

 

 

 

Using Eq. 6.41 with data from Table AA-22:  pr2 = pr1(p2/p1) = (3.806)(4/10) = 1.5224 

Thus: T2b ≈ 308.1 K and h2b ≈ 308.36 kJ/kg.  The heat transfer rate for the heat exchanger 

becomes 

   
     =   (h3 – h2b) = (0.5 kg/s)(295.17 – 308.36)kJ/kg 

    

      
  =  6.595 kW (out) 

and the entropy production rate is 

        =  
  

    

     
 +    so

(T3)  – s
o
(T2b)]  

                      =  ( 6.595)/(295) + (0.5)[(1.68515) - (1.72887)] = 4.959 x 10
-4

 kW/K 

 

Since the turbine is isentropic, the total rate of entropy production for this case is 4.959 x 10
-4

 kW/K 

  

        (2b) 

 

 

 

 

p2 = 4 bar 

(3) 

 

 

p3 = 4 bar 

T3 = 295 K 

heat exchanger 

Tsurr = 295 K   
   

                (1) 

 

p1 = 10 bar 

T1 = 400 K 

   = 0.5 kg/s 

turbine  

  
   

 

T 

s 

10 bar 
4 bar 

400 K 
T 

T 

. (1) (2) 

(2b) 

(3) 
295 K . 

. 

. 



PROBLEM 6.158 (CONTINUED) – PAGE 3 

 

Comments 

The entropy production rate has decreased substantially with the elimination of the highly 

irreversible process in the valve.  Further, the turbine produces power at a rate of  

 

   
              = (0.5)(400.98 – 308.36) = 46.31 kW 

 

This power could have significant economic value in the industrial setting that might justify the 

additional capital and maintenance costs.  A full economic evaluation would need to be done to 

determine if this option should be adopted.  



PROBLEM 6.159 

 

 

The figure below 
using  Refrigerant 



PROBLEM 6.160 

 

Air as an ideal gas enters a diffuser operating at steady state at 4 bar, 290K with a velocity of 512 

m/s.  The exit velocity is 110 m/s.  For adiabatic operation with no internal irreversibilities, 

determine the exit temperature, in K, and the exit pressure, in bar, for 

(a) constant specific heats with k = 1.4. 

(b) variable specific heats using data from Table A-22.  

 

KNOWN:  Air flows adiabatically through a diffuser operating at steady state with no internal 

irreversibilities.  Data are specified at the inlet and exit.   

 

FIND:  Determine the exit temperature and pressure for (a) constant specific heats, and (b) 

variable specific heats. 

 

SCHEMATIC AND GIVEN DATA:   

 

ENGINEERING MODEL:  (1) The control  

volume is at steady state.  (2) For the control  

volume,   
     

    , and potential energy effects  

can be neglected.  (3) The air undergoes an internally reversible process in passing through the 

diffuser.  (4) The air is modeled as an ideal gas (a) with constant specific heats and (b) with 

variable specific heats. 

 

ANALYSIS:  For adiabatic, internally reversible operation at steady state 

 

 0 =   
   

  
   +                     →    s2 = s1 

Further 

 0 =   
     

   +            + 
   

    
  

 
 + g(z1 – z2)]    →    0 =         + 

   
    

  

 
 

 

(a)  For k = 1.4; cp = kR/(k – 1) = [(1.4)(8.314/28.97)]/(1.4 – 1) = 1.004 kJ/kg∙K.  Further, ∆h = ∆T. 

Thus 

 0 = cp        + 
   

    
  

 
   →    T2 = T1 + 

   
    

  

   
    

Inserting values and converting units 

 

 T2 = (290 K) +  
                  

       
  

    
 

  
    

      
  

   

         
  = 414.5 K 

 

Now, using Eq. 6.43 

 

 p2 = p1 
  

  
 

 

   
 = (4 bar) 

     

   
 

   

     
  = 13.96 bar 

 

p1 = 4 bar  

T1 = 290 K 

V1 = 512 m/s      (1) (2) 

V2 = 110 m/s 



PROBLEM 6.160 (CONTINUED) 

 

 (b) For variable specific heats, we use data from Table A-22 for the specific enthalpies, and 

 

h2 = h1 + 
   

    
  

 
 = 290.16 kJ/kg +  

                  

 
  

    

      
  

   

         
  = 415.18 kJ/kg 

 

From Table A-22:  T2 ≈ 414 K 

 

The pressure is found from the isentropic relation: 0 = s
o
(T2) – s

o
(T1) – R ln(p2/p1).  Solving for p2 

 

 p2 = exp 
              

 
  p1 = exp 

                

           
 (4 bar) = 13.96 bar 

 

Note:  In this case, the assumption of constant specific heats was quite accurate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROBLEM 6.161 

 

 



PROBLEM 6.162 

 

 



PROBLEM 6.163 

 

 
  

The figure below 



PROBLEM 6.163 (CONTINUED) 

 

 



PROBLEM 6.164 

 

 

Shown in the figure below is  



PROBLEM 6.165 

 

Steam enters a two-stage turbine with reheat operating at steady state as shown in Fig. P6.165.  

The steam enters turbine 1 with a mass flow rate of 120,000 lb/h at 1000 lbf/in.
2
, 800 

o
F and 

expands to a pressure of 60 lbf/in.
2
.  From there, the steam enters the reheater where it is heated 

at constant pressure to 350
o
C before entering turbine 2 and expanding to a final pressure of 1 

lbf/in.
2
 .  The turbines operate adiabatically, with isentropic efficiencies of 88% and 85%, 

respectively.  Kinetic and potential energy effects can be neglected.  Determine the net power 

developed by the two turbines and the rate of heat transfer in the reheater, each in Btu/h. 

 

KNOWN:  Data are provided for the steady state operation of a two-stage turbine with reheat 

between the stages.  Steam conditions are given at various locations and the isentropic turbine 

efficiencies are specified.   

 

FIND:  Determine the net power developed and the rate of heat transfer in the reaheater. 

 

SHCEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volumes are  

at steady state.  (2) The turbines operate adiabatically. 

(3) Kinetic and potential energy effects are negligible. 

 

ANALYSIS:  First, fix each of the numbered states. 

 

State 1  p1 = 1000 lbf/in.
2
, T1 = 800

o
F 

              

h1 = 1388.5 Btu/lb, s1 = 1.5665 Btu/lb∙
o
R 

 

State 2  p2 = 60 lbf/in.
2
, s2s = s1 = 1.5665 Btu/lb∙

o
R 

 

x2s = (s2s – sf2)/(sg2 – sf2) = (1.5665 – 1.2170)/(1.6443 – 1.2170) = 0.8062 

 

h2s = hf2 + x2s(hg2 – hf2) = 262.2 + (0.8062)(1178.0 – 262.2) = 1000.5 Btu/lb 

 

Now, from the definition of isentropic turbine efficiency; ηt1 = (h1 – h2s)/(h1 – h2).  Thus 

               ηt1 = 88% 

                                

p1 = 1000 lbf/in.
2
    1 

T1 = 800
o
F 

    = 120,000 lb/h 

                                

p2 = 60 lbf/in.
2
      2 

 

                                

        p3 = 60 lbf/in.
2
       

3     T3 = 350
o
F 

 

              

 

  ηt2 = 85% 

                   

  4   p4 = 1 lbf/in.
2
          

 

Turbine 1 

 

 

Turbine 2 

      Reheater 

 

     

  
    

T 

s 

1000 lbf/in.
2
     

60 lbf/in.
2
       

1 lbf/in.
2
       

(1) 

(2) (2s) 

(3) 

(4s) (4) 
. 

. . 
. 

. 

. 

800
o
F 

 

350
o
F 

 



 

PROBLEM 6.165 (CONTINUED) 

 

 h2 = h1 – ηt1 (h1 – h2s) = 1388.5 – (0.88)(1388.5 – 1000.5) = 1047.06 Btu/lb 

 

State 3 p3 = 60 lbf/in.
2
, T3 = 350

o
F;  h3 = 1208.2 Btu/lb and s2 = 1.6830 Btu/lb∙

o
R 

 

State 4  p4 = 1 lbf/in.
2
, s4s = s3 = 1.6830 Btu/lb∙

o
R 

 

x4s = (s4s – sf4)/(sg4 – sf4) = (1.6830 – 0.1327)/(1.9779 – 0.1327) = 0.840 

 

h4s = hf4 + x4s(hg4 – hf4) = 69.74 + (0.840)(1105.8 – 69.74) = 940.0 Btu/lb 

 

Now, from the definition of isentropic turbine efficiency; ηt2 = (h3 – h4s)/(h3 – h4).  Thus 

  

h4 = h3 – ηt2 (h3 – h4s) = 1208.2 – (0.85)(1208.2 – 940.0) = 980.2 Btu/lb 

 

At steady state, the mass flow rates for each component are equal:        = 120,000 lb/h.  The 

energy rate balances for each turbine reduce, respectively, to 

 

   
             = (120,000 lb/h)(1388.5 – 1047.06)Btu/lb = 4.097 x 10

7
 Btu/h 

 

   
             = (120,000 lb/h)(1208.2 – 980.2)Btu/lb = 2.736 x 10

7
 Btu/h 

 

The net power is:    
      

     
    6.833 x 10

7
 Btu/h  

 

Finally, the heat transfer rate in the reheater is 

 

                = (120,000 lb/h)(1208.2 – 1047.06)Btu/lb = 1.934 x 10
7
 Btu/h 

 

 

 

 



PROBLEM 6.166 

 

 



PROBLEM 6.167 

 

A tank initially containing air at 30 atm and 1000
o
R is connected to a small turbine.  Air 

discharges from the tank through the turbine, which produces work in the amount of 100 Btu.  

The pressure in the tank falls to 3 atm during the process, and the turbine exhausts to the 

atmosphere at 1 atm.  Employing the ideal gas model for the air with k = 1.4, and ignoring 

irreversibilities within the tank and the turbine, determine the volume of the tank, in ft
3
.  Heat 

transfer with the atmosphere and changes in kinetic and potential energy are negligible. 

 

KNOWN:  A tank initially filled with air is allowed to discharge through a turbine, developing 

work, until the pressure in the tank becomes 3 atm. 

 

FIND:  Determine the volume of the tank in the absence of irreversibilities.  

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volume is shown on the accompanying figure.   

(2)  For the control volume,   
   = 0 and kinetic and potential energy effects are negligible.  (3)  

The air is modeled as an ideal gas with constant specific heats (k = 1.4).  (4)  Irreversibilities are 

absent within the control volume. 

 

ANALYSIS:  A mass rate balance reduces to dm/dt =     .  With this result, the energy rate 

balance can be expressed as 

  

 
  

  
 =   

     
          ;  

  

  
 =    

               →   Wcv =               (*) 

 

We will evaluate the volume by using modeling assumption (4).  Following the reasoning of 

Example 6.10, a typical unit of mass remaining in the tank would undergo an isentropic 

expansion from p1, T1 to p2.  Moreover, each unit of mass passing through the turbine expands 

isentropically.  Hence, the relationship for the states in the tank, at the inlet to the turbine, and at 

the exit e is isentropic as illustrated on the T-s diagram.   

 

Accordingly, for an ideal gas with constant specific heats, the pressure p and temperature T 

within the tank at any time and within the turbine are related by Eq. 6.43.  Thus 

 
 

  
 =  

 

  
 

   

 
   

 

 

Tank 

Volume V 
p1 = 30 atm 

T1 = 1000
o
R 

 

P2 = 3 atm 

e     

pe = 1 atm 

 

Wcv  = 100 Btu  

T 
1 

30 atm 

 

s 

3 atm 

1 atm 
2 

e 

1000
o
R . 

. 

. 



PROBLEM 6.167 (CONTINUED) 

 

At the exit 

 Te =    
  

  
 

   
 

  = (1000
o
R) 

     

      
 

     

   
 = 378.4

o
R 

and at the final state 

 T2 =    
  

  
 

   
 

  = (1000
o
R) 

     

      
 

     

   
 = 517.9

o
R 

 

Since the exit state is constant with time, and with ∆U = m2u2 – m1u1, Eq. (*) integrates further to 

give 

 Wcv = m1u1 – m2u2           

 

For an ideal gas with constant specific heats, u = cv(T – Tref) and h = cp(T – Tref), where Tref is an 

arbitrary reference temperature.  Setting Tref = 0, we get u = cvT  and h = cpT.  Also, with the 

ideal gas equation of state m1 = p1V/RT1 and m2 = p2V/RT2.  Incorporating these expression in the 

energy balance 

 

 Wcv = m1cvT1 -  m2cvT2 + cpTe(m2 – m1) 

 

        =   
   

   
 cvT1   

   

   
  cvT2 + cpTe  

   

   
   

   

   
    

 

        = 
 

 
                 

  

  
 

  

  
   

 

Now, solving for V 

 

 V  =  
    

                
  
  

 
  
  

  
   

 

For air with k = 1.4: cv = R/(k – 1) = (1.986/29.97)/(1.4 – 1) = 0.1714 Btu/lb∙
o
R and cp = cv + R = 

(0.1714) + (1.986/28.97) = 0.240 Btu/lb∙
o
R.  With p1 = 30*14.7 = 441 lbf/in.

2
, p2 = 44.1 lbf/in.

2
, 

and pe = 14.7 lbf/in.
2
 

 

V  =  
 
    

     
 
      

     
         

        
   

     
           

   

    
                

    

     
 

   

    
   

        

     
 
 = 1.037 ft

3
 

 

 

 

 

 

 

 

 

 



PROBLEM 6.168 

 

Air in a jet engine enters the turbine at 1190 K, 10.8 bar and expands to 5.2 bar.  The air then 

flows through a nozzle and exits at 0.8 bar.  Operation is at steady state, and the flow through the 

turbine and nozzle is adiabatic.  The nozzle operates with no internal irreversibilities, and the 

isentropic turbine efficiency is 85%.  The air velocities at the turbine inlet and exit are negligible.  

Assuming the ideal gas model for the air, determine the velocity of the air exiting the nozzle, in 

m/s. 

 

KNOWN:  Air flows in series through a turbine and a nozzle.  Operating conditions at steady 

state are known.   

 

FIND: Determine the velocity of the air at the exit of the nozzle. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL:  (1) The control volumes are at steady state.  (2) For both control 

volumes,   
   = 0, and for the nozzle   

  = 0.  (3) Potential energy effects are negligible, and 

kinetic energy is neglected everywhere except at the nozzle exit.  (4) The air is modeled as an 

ideal gas.  (5) The nozzle operates with no internal irreversibilities.  

 

ANALYSIS:  First, fix each state.  To find state 2, we use the isentropic turbine efficiency as 

follows 

 ηt = (h1 – h2)/(h1 –h2s)   →    h2 = h1   ηt(h1 – h2s) 

 

To find h2s we use the isentropic relation  pr(T2s) = pr(T1)(p2/p1).  With data from Table A-22     

  pr(T2s) = (230.1)(5.2/10.8) = 110.79  →   h2s ≈ 1037.7 kJ/kg (T2s ≈ 992.7 K) 

Now 

 h2 = 1266.1 – (0.85)(1266.1 – 1037.7) = 1072.0 kJ/kg  

 

Interpolating: T2 ≈ 1022.7 K and pr(T2) ≈ 124.74.  Thus 

 

 pr(T3s) = pr(T2)(p3/p2) = (124.74)(0.8/5.2) = 19.191   →   h3s ≈ 634.0 kJ/kg (T3s ≈ 625.6 K) 

 

p1 = 10.8 bar     (1) 

T1 = 1190 K 
(2)     

p2 = 5.2 bar      
(3)     

p3 = 0.8 bar      

ηt = 85% 

  
   

10.8 bar      

5.2 bar      

0.8 bar      

T      

s     

1180 K  
(1)      

(2)     

(3s)     

(2s)     

. 

. 
. 

. 



PROBLEM 6.168 (CONTINUED) 

 

The energy rate balance for the nozzle reduces to give 

 

 0 =   
     

               + 
   

    
  

 
 + g(z2 – z3)] 

 

Solving for the exit velocity 

 

 V2 =               

 

                  =                        
      

    
  

         

   
  = 935.9 m/s   

 

 

 

 



PROBLEM 6.169 

 

 

 ENGINEERING MODEL 



PROBLEM 6.170 

 

 
  

The figure shows a Carnot heat pump cycle operating at steady state with ammonia as the working fluid.  The condenser 

temperature is 120oF, with saturated vapor entering and saturated liquid exiting.  The evaporator temperature is 10oF.   

      (a) Determine the heat transfer and work for each process, in  

     Btu per lb of ammonia flowing. 

(b) Evaluate the coefficient of performance for the heat pump. 

(c) Evaluate the coefficient of performance for a Carnot  

      refrigeration cycle operating as shown in the figure.   



   PROBLEM 6.170 (CONTINUED) 

 

 



PROBLEM 6.171 

 

Carbon dioxide (CO2) expands isothermally at steady state with no irreversibilities through a 

turbine from 10 bar, 500 K to 2 bar.  Assuming the ideal gas model and neglecting kinetic and 

potential energy effects, determine the heat transfer and work, each in kJ per kg of carbon 

dioxide flowing.   

 

KNOWN:  Carbon dioxide expands isothermally at steady state though a turbine.  The inlet state 

and exit pressure are specified.   

 

FIND:  Determine the work and heat transfer, each per unit  mass of carbon dioxide flowing. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

ANALYSIS:  Applying Eq. 6.49 for the internally reversible isothermal process from inlet to 

exit 

  
    

  
 

   
   

  =     
 

 
 = T (s2 – s1) = T [s

o
(T2) – s

o
(T1) – R ln (p2/p1)] 

 

                  = (500 K)[ – (8.314/44.01) kJ/kg∙K ln (2/10)] = 152.02 kJ/kg (in) 

 

Now, the mass and energy rate balances reduce for the isothermal process of the ideal gas to give 

 

 0 =   
       

   +            
   

    
  

 
            

 

Thus 

  
    

  
 

   
   

   
    

  
 

   
   

   = 152.02 kJ/kg (out) 

 

 

 

 p1 = 10 bar  

 T1 = 500 K             

 

                    (1) 

      p2 = 2 bar  

     T2 = T1 = 500 K             

 

(2) 

carbon 

dioxide 

  
              

      

ENGINEERING MODEL:  (1) The control volume 

is at steady state.  (2) The process is isothermal and 

occurs with no internal irreversibilities.  (3) The 

carbon dioxide is modeled as an ideal gas.  (4) Kinetic 

and potential energy effects are negligible.    



PROBLEM 6.172 

 

Steam at 12.0 MPa, 480
o
C expands through a turbine operating at steady state to 10 bar, 

saturated vapor.  The process follows pvn
 = constant and occurs with negligible effects of kinetic 

or potential energy.  The mass flow rate of steam is 5 kg/s.  Determine the power developed and 

the rate of heat transfer, each in kW.   

 

KNOWN:  Steam enters a turbine operating at steady state and expands in an internally 

reversible process according to pvn
 = constant.   

 

FIND:  Determine the power developed and the rate of heat transfer. 

 

SCHEMATIC AND GIVEN DATA:   

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  The power developed is determined by using Eq. 6.53, as follows 

 

    
      

   
 =      

 

   
              

 

From Table A-4: v1 = 0.02576 m
3
/kg and h1 = 3293.5 kJ/kg.  From Table A-3: v2 = 0.1944 m

3
/kg 

and h2 = 2778.1 kJ/kg.  For the polytropic process 

 p2/p1 = (v1/ v2)
n
   →    n = ln (p2/p1)/ln (v1/ v2) = ln (10/120)/ln (0.02576/0.1944) = 1.229 

Thus 

  
   =  (5 kg/s)(1.229/0.229)[(10 bar)(0.1944 m

3
/kg) – (120)(0.02576)] 

       

     
  

    

       
  

    

      
   

 

= 3078 kW 

 

Now, applying the mass and energy rate balances with modeling assumption (3) 

 

   
   =   

   +   (h2 – h1)  

 

        = (3078 kW) + (5 kg/s)(2778.1 – 3293.5)kJ/kg 
    

      
  = 501 kW 

 

 p1 = 120 bar  

 T1 = 480
o
C             

 

   = 5 kg/s      (1) 

      p2 = 10 bar  

     saturated vapor             

 

(2)   pvn
 = constant 

carbon 

dioxide 

  
                

   

ENGINEERING MODEL:  (1) The control volume is at steady state.  (2) The process is 

internally reversible with pvn
 = constant.  (3) Kinetic and potential energy effects are negligible.    

p  

v  

120  bar 

(2)  

. 
480

o
C 

(1)  

10  bar . 



PROBLEM 6.173 

 

 



PROBLEM 6.174 

 

 



PROBLEM 6.175 

 

 



PROBLEM 6.176 

 

Fig. P6.176 shows a vapor power plant operating at steady state.  Data at key locations are given 

on the figure.  The turbine and pump operate adiabatically, and kinetic and potential energy 

effects can be neglected.  The isentropic pump efficiency is 90%.  For such a vapor power cycle, 

the back-work ratio is the ratio of the pump work input to the turbine work output.  Determine 

the back-work ratio  

(a) using data interpolated from Table A-5 to obtain the specific enthalpy state 4. 

(b) using the approximation of Eq. 6.51c to obtain the specific enthalpy at state 4.   

Compare the results of parts (a) and (b) and discuss. 

KNOWN:  Data are known for the steady-state operation of a vapor power plant.   

 

FIND:  Determine the back-work ratio using data from Table A-5 and the approximation of Eq. 

6.51c to obtain the specific enthalpy at the exit of the pump. 

 

SCHEMATIC AND GIVEN DATA: 

 

ANALYSIS: First, determine the turbine work.  For the turbine, mass and energy rate balances 

reduce to give:    
     = (h1 – h2).   

 

From Table A-4: h1 = 3253.9 kJ/kg.  With data from Table A-2:  

 

h2 = hf2 + x2(hg2 – hf2) = 151.53 + (0.92)(2567.4 – 151.53) = 2374.1 kJ/kg 

 

The turbine work is 

 

   
     = 3253.9 – 2374.1 = 879.8 kJ/kg 

7.5 MPa 

440
o
C 

6 kPa 

0.92 

6 kPa 

7.5 MPa 

ηp = 90% ENGINEERING MODEL:  (1) The 

control volumes are at steady state.  (2) 

For the turbine and the pump,   
   = 0 

and kinetic and potential energy effects 

are negligible. 



PROBLEM 6.176 (CONTINUED) 

 

The pump work input is   
     = (h4 – h3).  From Table A-2: h3 = hf3 = 151.53 kJ/kg.  To 

determine h4 we use the isentropic pump efficiency: ηp = (  
    )s/(  

    ) = (h4s – h3)/ (h4 – h3) 

 

(a) Interpolating in Table A-5 with s4s = s3 = 0.5210 kJ/kg∙K and p4 = 7.5 MPa we get h4s ≈ 

159.53 kJ/kg.  Thus  

 

h4 = h3 + (h4s – h3)/ ηp = 151.53 + (159.53 – 151.53)/(0.9) = 160.42 kJ/kg 

and 

   
     = 160.42 – 151.53 = 8.89 kJ/kg 

 

The back-work ratio is  

 

 bwr = (  
    )/(   

    ) = 8.89/879.8 = 0.010 (1.0%) 

 

(b)  Approximating the ideal pump work using Eq. 6.51c we get 

 

 (  
    )s ≈            

 

               = (1.0064 x 10
-3

 m
3
/kg)(75 – 0.06)bar 

       

     
  

    

      
  = 7.542 kJ/kg 

 

Now, h4 = h3 + (  
    )s/ ηp = 151.53 + 7.542/0.9 = 159.91 kJ/kg.  Thus 

 

   
     = 159.91 – 151.53 = 8.38 kJ/kg 

 

The back-work ratio is  

 

 bwr = (  
    )/(   

    ) = 8.38/879.8 = 0.0095 (0.95%) 

 

Note:  The values obtained using the two methods are very close to each other.  The method of 

approximation in part (b) is commonly used in vapor power plant analyses (See Chapter 8). 

 

 

 



PROBLEM 6.177 

 

 



PROBLEM 6.178 

 

 

 



PROBLEM 6.179 

 
 



PROBLEM 6.180 

 

 



PROBLEM 6.181 

 

 



PROBLEM 6.182 

 

 



PROBLEM 6.183 

 

 
  



PROBLEM 6.183 (CONTINUED) 

 

 

 



PROBLEM 6.194 

 

 



PROBLEM 6.185 

 
 

 

KNOWN:  Nitrogen undergoes a polytropic expansion in flowing 

through a nozzle at steady state.  Data are known at the inlet 

and the exit. 

FIND: Determine the exit velocity and the rate of heat transfer per 

unit mass of nitrogen flowing.  



PROBLEM 6.186 

 

 

KNOWN:  Carbon monoxide enters a 

nozzle operating at steady state and 

undergoes a polytropic expansion. 

Data are given at the inlet and exit. 

FIND: Determine the exit temperature 

and the rate of heat transfer per unit 

mass of carbon monoxide flowing.   

 



Problem 7.1 

 
By inspection of Fig. P7.1 giving a p-v diagram for water, indicate whether exergy would 

increase, decrease, or remain the same in (a) Process 1-2, (b) Process 3-4, (c) Process 5-6. 

Explain. 

 

Solution: 

 

Known:  

p-v diagram with multiple states provided. 

 

Find:  

Determine if exergy increases, decreases, or remains the same in (a) Process 1-2, (b) Process 3-4, 

(c) Process 5-6. Explain. 

 

Schematic and Known Data: 
 

 
 
Analysis: 

Process 1-2: 

Exergy decreases 

p moves towards p0 while T = T0 

Process 3-4: 

 Exergy increases 

 T moves further from T0 while p =p0 

Process 5-6: 

 Exergy increases 

 p increases from p0 and T moves further from T0 

1
2

p6 > p0

T6 > T0

3 4 5

6

p5 = p0

T5 > T0

p1 < p0

T1 = T0

T0

p0

Critical 
point

Dead 
State

p

v

 

 

 

 

 

 

  0



Problem 7.2 

 
By inspection of Fig. P7.2 giving a T-s diagram for R-134a, indicate whether exergy would 

increase, decrease, or remain the same in (a) Process 1-2, (b) Process 3-4, (c) Process 5-6. 

Explain. 

 

Solution: 

 

Known:  

T-s diagram with multiple states provided. 

 

Find:  

Determine if exergy increases, decreases, or remains the same in (a) Process 1-2, (b) Process 3-4, 

(c) Process 5-6. Explain. 

 

Schematic and Known Data: 
 

 
 
Analysis: 

Process 1-2: 

Exergy decreases 

p moves towards p0 while T moves towards T0 

Process 3-4: 

 Exergy increases 

 T moves further from T0 while p remains constant 

Process 5-6: 

 Exergy decreases 

 T moves towards T0 while p remains constant 

T

●

s

●

T0

4

1

0

Dead state

●

●

●

2

3

●

●

6

5

Critical 
point

 







Problem 7.5 

 

Equal molar amounts of carbon monoxide and neon are maintained at the same temperature and 

pressure. Which has the greater value for exergy relative to the same reference environment? 

Assume the ideal gas model with constant cv for each gas. There are no significant effects of 

motion and gravity. 

 

Known:  

Equal molar amounts of CO and Ne are at the same T, p. 

 

Find:  

Determine which gas has the greater exergy value,  ̅. 
 

Engineering Model: 

(1) Each gas obeys the ideal gas model with constant   ̅. 

(2) There are no significant effects of motion or gravity. 

 

Analysis: 

With assumption (2), Eq. 7.2 reduces to give on a molar basis: 

 

 ̅   ̅   ̅    ( ̅   ̅ )    ( ̅   ̅ ) 
 

Then, with assumption (1): 

 ̅    ̅(    )   ̅  [
 

  
 
  
 
  ]    [  ̅   

 

  
  ̅   

 

  
]

   ̅(    )      ̅   
 

  
  ̅  [

 

  
 
  
 
     

 

  
] 

 

Applying this to each of CO and Ne, and subtracting the resulting equation gives: 

 ̅    ̅   [  ̅     ̅  ](    )  [  ̅     ̅  ]    
 

  
 

 

However,   ̅     ̅      ̅     ̅   using Eq. 3.45 (  ̅    ̅   ̅) and simplifying 

 ̅    ̅   [  ̅     ̅  ](    )  [  ̅     ̅  ]    
 

  
 

 

 ̅    ̅   [  ̅     ̅  ] [         
 

  
] 

 

By inspection of Figure 3.13,   ̅     ̅   giving  ̅    ̅   

 

Comments: 
1. Here only the thermo-mechanical component is considered. The chemical contribution to 

exergy developed in Chapter 13 is not included in the present discussion. 

2. But note that the molecular weights are different:                          

2#

1#



























Problem 7.16   
 

A vessel contains carbon dioxide. Using the ideal gas model: 

(a)  determine the specific exergy of the gas, in Btu/lb, at p = 80 lbf/in.
2
, for T = 180°F. 

(b)  plot the specific exergy of the gas, in Btu/lb, versus pressure ranging from 15 to 80 lbf/in.
2
, 

for T = 80°F. 

(c)  plot the specific exergy of the gas, in Btu/lb, versus temperature ranging from 80 to 180°F, 

for p = 15 lbf/in.
2
 

 

The gas is at rest and zero elevation relative to an exergy reference environment for which T0 = 

80°F, p0 = 15 lbf/in.
2
 

 

Known:  

A vessel contains carbon dioxide (CO2). 

 

Find:  

(a) Determine the specific exergy of the gas, in Btu/lb, at p = 80 lbf/in.
2
, for T = 180°F. (b) Plot 

the specific exergy versus pressure for T = 80°F. (c) Plot the specific exergy versus temperature 

for p = 15 lbf/in.
2
. 

 

Schematic and Known Data: 

 

 
 

Engineering Model: 

(1) The CO2 is a closed system at rest and zero elevation relative to the reference environment at 

T0 = 80°F, p0 = 15 lbf/in.
2
 

(2) The CO2 is modeled as an ideal gas. 

 

Analysis: 

 

Eq. 7.2 reduces to give: 

  (    )    (    )    (    )                                                 ( ) 
 

(a) When using gas table data,  

     
 ̅( )   ̅(  )

 
         

 ̅ ( )   ̅ (  )   ̅   
 
  

 
 

 

Thus with ideal gas relations, (1) becomes: 

CO2

180oF
80 lbf/in.2

T0 = 80oF
p0 = 15 lbf/in.2
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Using data from Table A-23E: 
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Finally: 

  (
 

     
  

     

) (                   )
   

     
      

   

  
 

 

(b) and (c) The following IT code is used to generate data for the required plots. The evaluations 

are based on Eq. (1) and internal functions in IT for u, v, and s of CO2 as an ideal gas. 

 

IT Code 

T = 180 // °F 

p = 80 // lbf/in.
2
 

T0 = 80 // °F 

p0 = 15 // lbf/in.
2
 

 

e = (u - u0) + (p0 * (144 / 778)) * (v - v0) - (T0 + 460) * (s - s0) 

u = u_T("CO2",T) 

u0 = u_T("CO2",T0) 

v = v_Tp("CO2",T,p) 

v0 = v_Tp("CO2",T0,p0) 

s = s_Tp("CO2",T,p) 

s0 = s_Tp("CO2",T0,p0) 

 

IT Solution for p = 80 lbf/in.
2
, T = 180°F 

e = 19.08 Btu/lb 

 

 

 

 

 

 

 

1#



Plots: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comment:  
1. The IT result compares very favorably with the ideal gas table result in part (a), as 

expected. 
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Problem 7.22   
 

Refrigerant 134a initially at -36°C fills a rigid vessel. The refrigerant is heated until the 

temperature becomes 25°C and the pressure is 1 bar. There is no work during the process. For 

the refrigerant, determine the heat transfer per unit mass and the change in specific exergy, each 

in kJ/kg. Comment.  Let T0 = 20°C, p0 = 0.1 MPa and ignore the effects of motion and gravity.  

 

Known:  

Refrigerant 134a in a rigid vessel is heated from its initial conditions. 

 

Find:  

Determine the heat transfer per unit mass and the change in specific exergy. 

 

Schematic and Known Data: 

Engineering Model: 

(1) The R134a is the closed system. 

(2) The volume remains constant in the process. 

(3) For the system, W = 0 and the effects of motion and gravity can be ignored. 

(4) The environment is at T0 = 20°C, p0 = 1 bar. 

 

Analysis: 

 

State 2 is in superheated region.  Obtaining property data from Table A-12, using 1 bar, 25°C 

and interpolating: 

          
  

  
             

  

  
             

  

    
 

 

According to assumption (2), v2 = v1 for the process.  Using Table A-10 at -36°C: 

25 C

R134a
T1 = -36 C
T2 = 25 C
p2 =1 bar

-36 C

T

v

 

1

2
 

 

Dead

state

20 C

T0 = 20 C
p0 =0.1 MPa



 

   
     

     
 
                   

                  
      

        (     )           (           )        
  

  
 

        (     )             (             )        
  

    
 

 

Reducing an energy balance: 
 

 
                          

  

  
 

 

With Eq. 7.2: 

 

   (     )    (     )⏟      
  

   (     )       
  

  
 (     )(             )

  

    
 

         
  

  
 

 

In keeping with the discussion of Fig. 7.4, the exergy decreases because the system is brought 

closer to the dead state with p2 = p0 and T2 approaching T0.  



Problem 7.23   
 

As shown in Fig. P7.23, one kilogram of water undergoes a process from an initial state where 

the water is saturated vapor at 100°C, the velocity is 25 m/s, and the elevation is 5 m to a final 

state where the water is saturated liquid at 5°C, the velocity is 22 m/s, and the elevation is 1 m. 

Determine in kJ, (a)  the exergy at the initial state, (b)  the exergy at the final state, and (c)  the 

change in exergy.  Let T0 = 25°C, p0 = 1 atm, and g = 9.8 m/s
2
. 

 

Known:  

One kg of water undergoes a process between specified states. 

 

Find:  

Determine the exergy at the initial and final states and the change in exergy. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The water is a closed system at equilibrium states initially and finally. 

(2) The velocities and elevations are measured relative to the environment. 

(3) T0 = 25°C, p0 = 1 atm, v0 ≈ vf (T0), u0 ≈ uf (T0), s0 ≈ sf (T0). 

 

Analysis: 

The exergy at the initial and final states can be calculated using Eq. 7.2: 

    [(     )    (     )    (     )  
  
 

 
    ] 

    [(     )    (     )    (     )  
  
 

 
    ] 

 

(a) For saturated vapor at 100°C, Table A-2 gives: 

        
  

  
             

  

  
             

  

    
 

 

Saturated vapor at 

100 C

5 C

100 C

5 m

25 m/s

1 m

Saturated liquid at 

5 C

22 m/s

z

25 C

1 atm

T

v

 
 

1

2

 

Dead 
state 0.00872 bar

1

2

p0 = 1 atm

T0 = 25 C

1#



At the dead state using Table A-2 and assumption (3): 

            
  
  

  
             

  

  
             

  

    
 

 

Using these values: 
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(b) For saturated liquid at 5°C, Table A-2 gives: 

 

            
  
  

  
            

  

  
             

  

    
 

Using these values in Eq. 7.2: 
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(c) Finally, the change in exergy is: 

                                
 

Comments: 

1. The kinetic and potential energies measured relative to the environment contribute their 

full magnitudes to the value of exergy, for in principle each could be completely 

converted to work were the system brought to rest at zero elevation relative to the 

environment. 

 

2#

3#



2. Exergy is a measure of the departure of the state of the system from that of the 

environment. At all states, E > 0. This applies when T > T0, p = p0, as in part (a), and 

when T < T0, p < p0 as in part (b). 

3. Alternatively, Eq. 7.3 can be used. This requires dead state property values only for T0 

and p0. In parts (a) and (b) above, u0, v0, and s0 are also required; so more computation is 

needed with the presented approach. 

 



Problem 7.24   
 

Three pounds of carbon monoxide initially at 180°F and 40 lbf/in.
2
 undergo two processes in 

series: 

Process 1-2: Constant pressure to T2 = -10°F 

Process 2-3: Isothermal to p3 = 10 lbf/in.
2
 

Employing the ideal gas model, 

(a) represent each process on a p-v diagram and indicate the dead state. 

(b) determine the change in exergy for each process, in Btu. 

Let T0 = 77°F, p0 = 14.7 lbf/in.
2
 and ignore the effects of motion and gravity. 

 

Known:  

Carbon monoxide undergoes two specified processes in series. 

 

Find:  

(a) Represent each process on a p-v diagram and indicate the dead state. (b) Determine the 

change in exergy for each process. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The carbon monoxide is the closed system. 

(2) The effects of motion and gravity can be ignored. 

(3) The carbon monoxide is modeled as an ideal gas. 

(4) For the environment, T0 = 77°F, p0 = 14.7 lbf/in.
2
 

 

Analysis: 

(a) From the given information, p1 = 40 lbf/in.
2
, T1 = 180°F = 640°R. Thus: 
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v

 

 

 
T1 = 180oF = 640oR
p1 = p2 = 40 lbf/in.2

2 1

 

p3 = 10 lbf/in.2

Dead State

T0= 77oF = 537oR

p0 = 14.7 lbf/in.2

T0 = 77oF = 537oR
p0 = 14.7 lbf/in.2



Similarly: 
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(b) Using Eq. 7.3 and ideal gas relations: 
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With data from Table A-23E and interpolation as needed: 
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Problem 7.29   
 

As shown in Fig. P7.29, 1 kg of H2O is contained in a rigid, insulated cylindrical vessel. The 

H2O is initially saturated vapor at 120°C. The vessel is fitted with a paddle wheel from which a 

mass is suspended. As the mass descends a certain distance, the H2O is stirred until it attains a 

final equilibrium state at a pressure of 3 bar. The only significant changes in state are 

experienced by the H2O and the suspended mass. Determine, in kJ, 

(a)  the change in exergy of the H2O. 

(b)  the change in exergy of the suspended mass. 

(c)  the change in exergy of an isolated system of the vessel and pulley-mass assembly. 

(d)  the destruction of exergy within the isolated system. 

 

Let T0 = 293 K, p0 = 1 bar. 

 

Known:  

H2O is in a rigid vessel with a paddle wheel inside that is attached to a dropping mass. 

 

Find:  

(a)  the change in exergy of the H2O, (b)  the change in exergy of the suspended mass, (c)  the 

change in exergy of an isolated system of the vessel and pulley-mass assembly, and (d)  the 

destruction of exergy within the isolated system. 

 

Schematic and Known Data: 

 
 

Engineering Model: 

120 C

3 bar

1.985 bar

z

Saturated H2O vapor
m W = 1 kg
T1 = 120 C
p2 = 3 bar

Initial 
mass

Final
mass

0

1 bar

T

v

 

 

1

2

 

Dead State

T0 = 293 K
p0 = 1 bar

Isolated system
Q = W = 0

20 C



(1) As shown in the schematic, three systems are under consideration: the H2O, the suspended 

mass, and an isolated system consisting of the vessel and pulley-mass assembly. For the 

isolated system,      . 

(2) The only significant changes of state are experienced by the H2O and the suspended mass. 

For the H2O, there is no change in kinetic or potential energy. For the suspended mass, there 

is no change in kinetic or internal energy.  Elevation is the only intensive property of the 

suspended mass that changes. 

(3) For the environment, T0 = 293 K, p0 = 1 bar. 

 

Analysis: 

(a) The initial and final exergies of the H2O can be evaluated using Eq. 7.2. From assumption 

(2), it follows that for the H2O there are no significant effects of motion or gravity, thus 

the exergy at the initial state is: 

     [(     )    (     )    (     )] 
 

The initial and final states of the H2O are shown on the accompanying T-v diagram. From 

Tables A-2 and A-4: 
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The final state of the H2O is fixed by p2 = 3 bar and v2 = v1. Using interpolation and 

values from Table A-4: 

          
  

  
             

  

    
 

Then: 
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For the H2O, the change in exergy is: 

                                    
 

(b) With assumption 2, Eq. 7.3 reduces to give the exergy change for the suspended mass: 

1#

2#



                    ⏟                
  

           

 

Thus, the exergy change for the suspended mass equals the change in potential energy. 

The change in potential energy of the suspended mass is obtained from an energy balance 

for the isolated system as follows: the change in energy of the isolated system is the sum 

of the energy changes of the H2O and suspended mass. There is no heat transfer or work, 

and with assumption 2 we have:  

 (        ⏟        
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Solve for ΔPEm and using previously determined values for the specific internal energy 

of the H2O: 

             (    )(              )
  

  
            

The exergy of the mass decreases because its elevation decreases.  
 

(c) The change in exergy of the isolated system is the sum of the exergy changes of the water 

and suspended mass. With the results from parts (a) and (b): 

                                          

 

(d) The exergy of the isolated system decreases. With Eq. 7.9, (Ed)sys = 178.29 kJ 

 

To summarize: 

 Energy Change (kJ) Exergy Change (kJ) 

H2O 293.77 115.48 

Suspended Mass -293.77 -293.77 

Isolated System 0 -178.29 

 

For the isolated system there is no net change in energy. The increase in the internal 

energy of the H2O equals the decrease in potential energy of the suspended mass. 

However, the increase in exergy of the H2O is much less than the decrease in exergy of 

the mass. For the isolated system, exergy decreases because stirring destroys exergy. 

 
Comments: 

1. Exergy is a measure of the departure of the state of the system from that of the 

environment. At all states, E > 0. This applies when T > T0, p > p0, as at states 1 and 2, 

and when T < T0, p < p0. 

2. Alternatively, Eq. 7.3 can be used. This requires dead state property values only for T0 

and p0. In part (a), u0, v0, and s0 are also required; so more computation is needed with the 

approach shown in this problem’s solution. 

3. The change in potential energy of the suspended mass cannot be determined from Eq. 

2.10 (Sec. 2.1) since the mass and change in elevation are unknown.  Moreover, for the 

suspended mass as the system, change in potential energy of the suspended mass cannot 

be obtained from an energy balance without first evaluating the work.  Thus, we resort 

3#



here to an energy balance for the isolated system, which does not require such 

information. 

 
 
 
 
 
 



Problem 7.30   
 

A rigid insulated tank contains 0.5 kg of carbon dioxide, initially at 150 kPa, 20°C. The carbon 

dioxide is stirred by a paddle wheel until its pressure is 200 kPa. Using the ideal gas model with 

cv = 0.65 kJ/kg·K, determine, in kJ, (a)  the work, (b)  the change in exergy of the carbon 

dioxide, and (c)  the amount of exergy destroyed.  Ignore the effects of motion and gravity, and 

let T0 = 20°C, p0 = 100 kPa. 

 

Known:  

Carbon dioxide is in a rigid tank with a paddle wheel. 

 

Find:  

Determine (a) the work, (b) the change in exergy of the carbon dioxide, and (c) the amount of 

exergy destroyed. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The carbon dioxide is the closed system and the volume remains constant throughout the 

process (isometric). 

(2) For the system, Q = 0 and the effects of motion and gravity can be ignored. 

(3) For the environment, T0 = 20°C = 293 K, p0 = 100 kPa. 

 

Analysis: 

Using assumption (1) and the ideal gas model equation of state to obtain T2: 
   

  
 
   

  
      

  
  
    

   

   
         

 

(a) An energy balance reduces to give,       ⏟
  

    ⏟
  

  ⏟
  

  , therefore: 

    (     )      (     )   (      ) (    
  

    
) (         ) 

           

Carbon Dioxide
mg = 0.5 kg
T1 = 20 C

p1 = 150 kPa
p2 = 200 kPa

2

T

v

 

  
1

200 kPa

150 kPa

100 kPa

0

T2

20 C



 

(b) With Eq. 7.3:  
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Then, with Eq. 6.21: 
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(c)       , where σ is obtained from an entropy balance: 
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Finally, 

   (     ) (      
  

 
)          

 

Alternatively, an exergy balance reduces to                   . This 

equation could also be used to solve part (c). 















Problem 7.34   
 

One lbmol of carbon monoxide gas is contained in a 90-ft
3
 rigid, insulated vessel initially at 5 

atm. An electric resistor of negligible mass transfers energy to the gas at a constant rate of 10 

Btu/s for 2 min. Employing the ideal gas model and ignoring the effects of motion and gravity, 

determine (a)  the change in exergy of the gas, (b)  the electrical work, and (c)  the exergy 

destruction, each in Btu.  Let T0 = 70°F, p0 = 1 atm. 

 

Known:  

A known amount of carbon monoxide gas is contained in a rigid, insulated vessel of known 

volume and at a specified initial pressure. An electric resistor in the vessel transfers energy to the 

gas at a known rate for a specified period of time. 

 

Find:  

Determine (a) the change in exergy of the gas, (b) the electrical work, and (c) the exergy 

destruction. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The system consists of the gas and the resistor. 

(2) The volume is constant and kinetic and potential energy effects are neglected. 

(3) The resistor is of negligible mass and thus undergoes no change of state. 

(4) The carbon monoxide is modeled as an ideal gas. 

(5) For the system, Q = 0. 

 

Analysis: 

(a) First, fix both states as follows: 
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     |)(       |
        

     
|)

(       ) (    
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Carbon Monoxide
n = 1 lbmol
V = 90 ft3

p1 = 5 atm
Welec = -10 Btu/s
Δt = 2 min

2

T

s

 

 

 1 0

.

T2, p2

T0 = 530 R
p0 = 1 atm

T1, p1 = 5 atm



 

To determine T2, begin with an energy balance: Δ     . With       : 

 ⏟
  

    ( ̅   ̅ ) 

 

To obtain W: 
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Thus, solving for  ̅  and inserting data from Table A-23E using interpolation: 
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Interpolating in Table A-23E,           . Thus: 
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Now, the change in exergy of the gas is obtained using Eq. 7.3 and ideal gas relations: 
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Inserting data interpolated from Table A-23E: 
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As state 2 is further from the dead state than state 1, an increase in exergy occurs during 

this process. 

 

(b) The exergy transfer accompanying work,   , is: 

       Δ ⏟
  

           

 

(c) The exergy destruction, Ed, is determined by solving the exergy balance:  

      ∫ (  
  
  
)   ⏟
  

 (    Δ ⏟
  

)    

 

 

 

Rearranging: 

    (     )                (         )             1# 2#



 

Comments: 

1. Note that the exergy input by work (1200 Btu) results in only 347.38 Btu being stored as 

increased exergy of the gas. The rest, 852.62 Btu, is destroyed by irreversibilities. 

2. Alternatively,       , where    ( ̅   ̅ ), giving Ed = 852.62 Btu. 





Problem 7.36   
 

As shown in ig. P7.36, a 1 lb metal sphere initially at 2000°R is removed from an oven and 

quenched by immersing it in a closed tank containing 25 lb of water initially at 500°R. Each 

substance can be modeled as incompressible. An appropriate constant specific heat for the water 

is       
   

     
, and an appropriate value for the metal is       

   

     
. Heat transfer from the 

tank contents can be neglected. Determine the exergy destruction, in Btu. Let T0 = 77°F. 

 

Known:  

A hot metal sphere is quenched by immersing it in a tank of water. 

 

Find:  

Determine the exergy destruction. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) As shown in the schematic, the metal sphere and water form a closed system. 

(2) For the system, Q = W = 0 and there are no effects of motion or gravity. 

(3) The metal sphere and water are each modeled as incompressible. 

(4) T0 = 537°R (77°F). 

 

Analysis: 

An energy balance for the system reduces to give: 

           
 

                                                                    
 

An exergy balance reduces to give: 

   ∫ (  
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Since exergy is an extensive property,           . Then, with Eq. 7.3: 

Metal Sphere:

Tmi = 2000 R

cm = 0.1 Btu/lb R

mm = 1 lb

Water:

Twi = 500 R

cw = 1.0 Btu/lb R

mw = 25 lb

1#
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Using Eq. (1) this becomes: 

     [       ]                                                                    
 

The term in square brackets is the amount of entropy produced, σ, which is evaluated using Eq. 

6.13 for incompressible substances.   

        
  

   

       
  

   

               

 

Where    is the final equilibrium temperature which is determined from Eq. (1) and using Eq. 

3.20a to evaluate the internal energy changes of the water and metal in terms of the constant 

specific heats: 

    (      
)      (      
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Where    
 and    

 are the initial temperatures of the water and metal, respectively.  Solving for 

   and inserting values: 
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Solving of entropy produced by inserting values into Eq. (3): 
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Finally, inserting values into Eq. (2): 

          (      
   

  
)           

 

Comment: 

1. With the indicated assumptions, the system is isolated. Eq. (1) indicates that the total 

energy of the system remains constant. Eq. (2) indicates that the exergy of the system 

does not remain constant because exergy is destroyed. 

2. Alternatively, Eq. (2) can be expressed as      [ ], where σ is the amount of entropy 

produced  within the system. 

2#









Problem 7.39   
 

Figure P7.39 provides steady state data for the outer wall of a dwelling on a day when the indoor 

temperature is maintained at 25°C and the outdoor temperature is 35°C. The heat transfer rate 

through the wall is 1000 W. Determine, in W, the rate of exergy destruction (a) within the wall 

and (b) within the enlarged system shown on the figure by the dashed line. Comment.  Let T0 = 

35°C. 

 

Known:  

A dwelling is to be kept cool on a day when the temperature outside is higher than the 

temperature inside. 

 

Find:  

Determine the exergy destruction (a) within the wall, and (b) within the enlarged system shown 

on the figure. 

 

Schematic and Known Data: 

 
 

Engineering Model: 

(1) As shown in the figure, two closed systems are considered: one is a schematic of the wall; the 

other is an enlarged system. 

(2) The systems are at steady state. 

(3) Heat transfer at a rate of 1000 W takes place in the negative x direction. 

(4) For the environment, T0 = 308 K. 

 

Analysis: 

(a) An energy balance for the wall reads: 

Indoor temperature, 
Ti =  25 C = 298 K

Boundary of 
enlarged system

Outdoor temperature, 
T0= 35 C = 308 K

 

 

T1 = 27 C = 300 K

T2 = 33 C = 306 K

x

Inner air layer
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That is,  ̇   ̇        , where the heat transfer rates at the inner,  ̇   and outer, 

 ̇   surfaces of the wall are negative in the negative x direction. 

 

An exergy rate balance at steady state reads: 
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(b) An energy rate balance for the enlarged system reads: 
  

  ⏟
  

  ̇   ̇⏟
  

  ̇    

 

That is,  ̇   ̇        , where the heat transfer rates at the inner,  ̇   and outer, 

 ̇   surfaces of the enlarged system are negative in the negative x direction. An exergy 

rate balance at steady state reads: 
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The exergy destruction in the enlarged system is greater than for the wall alone because 

of exergy destruction associated with heat transfer though the air layers at each of the 

wall surfaces. 

 





Problem 7.41   
 

A gearbox operating at steady state receives 4 hp along the input shaft and delivers 3 hp along 

the output shaft. The outer surface of the gearbox is at 130°F. For the gearbox, (a) determine, in 

Btu/s, the rate of heat transfer and (b) perform a full exergy accounting, in Btu/s, of the input 

power.  Let T0 = 70°F. 

 

Known:  

A gearbox operating at steady state has one input and one output. 

 

Find:  

Determine (a) the rate of heat transfer, and (b) perform a full exergy accounting of the input 

power. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The system shown in the schematic is at steady state. 

(2) Heat transfer occurs only at Tb. 

(3) For the environment, T0 = 530°R (70°F). 

 

Analysis: 

(a) At steady state, an energy balance reduces to read: 
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(b) The rate exergy enters the system equals the input power (4 hp). Expressing this in units 

of Btu/s: 
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Exergy exits the systems via output power of 3 hp: 

Tb = 590 R

Input
4 hp

Output
3 hp
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Exergy also exits accompanying the heat transfer, that is: 
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Finally, exergy is destroyed within the gearbox. This is conveniently evaluated in terms 

of the rate of entropy production,  ̇     ̇,  
 

where  ̇   
 ̇

  
, giving: 
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Exergy Accounting Summary: 

                                                                
   

 
 

                            

                                                                  
   

 
                                              

 

                                                                    
   

 
                                            

 

                                                                       
   

 
                                           

 

                                                                         
   

 
                                      

 



Problem 7.42   
 

A gearbox operating at steady state receives 25 horsepower along its input shaft, delivers power 

along its output shaft, and is cooled on its outer surface according to hA(Tb – T0), where Tb = 

130°F is the temperature of the outer surface and T0 = 40°F is the temperature of the 

surroundings far from the gearbox. The product of the heat transfer coefficient h and outer 

surface area A is 40 Btu/h°R. For the gearbox, determine, in hp, a full exergy accounting of the 

input power.  Let T0 = 40°F. 

 

Known:  

A gearbox operates at steady state. Performance data are provided. 

 

Find:  

Determine a full exergy accounting of the input power. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The system shown in the schematic is at steady state. 

(2) The temperature of the outer surface of the gearbox and the temperature of the surroundings 

are each uniform. 

(3) For the environment, T0 = 500°R (40°F). 

 

Analysis: 

At steady state, an energy balance reduces to read: 
  

  ⏟
  

  ̇   ̇   ̇   ̇   ̇     ̇   

 

Then, inserting given information: 

Tb = 590 R

Input Power

25 hp

Output Power

T0 = 500 R

Q = -hA(Tb – T0)

hA = 40 Btu/h R
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The magnitude of the rate of exergy transfer accompanying heat is: 
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The rate of exergy destruction can be found from  ̇     ̇, where  ̇ is the rate of entropy 

production, or by reducing the exergy rate balance at steady state to obtain: 
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Exergy Accounting Summary: Expressing values as percentages of the input power, the 

following list accounts for the disposition of the input power. 

                                                            
   

 
 

 

                       

                                                              
   

 
                                        

 

                                                                
   

 
                                            

 

                                                                  
   

 
                                      

 

                                                                     
   

 
                                    

 

Comment: 

1. This represents the true thermodynamic value of the heat loss. An energy analysis overstates 

its significance:  

| ̇|

 ̇  
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Problem 7.43   
 

At steady state, an electric pump motor develops power along its output shaft of 0.7 hp while 

drawing 6 amps at 100 V. The outer surface of the motor is at 150°F. For the motor: 

(a) determine, in Btu/h, the rate of heat transfer and (b)  perform a full exergy accounting, in 

Btu/h, of the electrical power input.   Let T0 = 40°F. 

 

Known:  

An electric pump motor operates at steady state. Performance data are provided. 

 

Find:  

Determine (a) the rate of heat transfer, and (b) perform a full exergy accounting of the electrical 

power input. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The system shown in the schematic is at steady state. 

(2) Heat transfer occurs at Tb = 610°R and the power quantities are positive with the directions 

of the arrows. 

(3) For the environment, T0 = 500°R (40°F). 

 

Analysis: 

(a) At steady state, an energy balance reduces to read: 
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(b) Exergy is carried into the pump motor by electric power (      
   

 
). Exergy is carried 

out of the motor by shaft power (      
   

 
). Exergy is also carried out accompanying 

heat transfer; the rate is: 

Tb = 610 R

Input  Electric Power

Output Power
0.7 hp
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Finally, exergy is destroyed within the motor. This is conveniently evaluated in terms of 

entropy production:  ̇     ̇, where  ̇   
 ̇

  
, giving:  
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Exergy Accounting Summary: Expressing values as percentages of the input power, the 

following list accounts for the disposition of the input power. 

                                                           
   

 
 

 

                            

                                                              
   

 
                                            

 

                                                                 
   

 
                                                 

 

                                                                    
   

 
                                            

 

                                                                   
   

  
                                       

 

Comments: 

1. Electric motors typically develop a greater fraction of output power from the input power 

than determined in this case. 

2. The answer to part (b) is slightly off due to round-off errors when using conversion 

factors. 

1#
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Problem 7.46   
 

A thermal reservoir at 1000 K is separated from another thermal reservoir at 350 K by a 1cm by 

1 cm square-cross section rod insulated on its lateral surfaces. At steady state, energy transfer by 

conduction takes place through the rod.  The rod length is L, and the thermal conductivity is 0.5 

kW/m·K. Plot the following quantities, each in kW, versus L ranging from 0.01 to 1 m:  the rate 

of conduction through the rod, the rates of exergy transfer accompanying heat transfer into and 

out of the rod, and the rate of exergy destruction. Let T0 = 300 K. 

 

Known:  

Energy is conducted from a thermal reservoir through a square-cross section rod at steady state 

to another thermal reservoir at a lower temperature. 

 

Find:  

Plot the rate of conduction through the rod, the rates of exergy transfer accompanying heat 

transfer into and out of the rod, and the rate of exergy destruction, each versus the rod length, L. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The system shown in the schematic is at steady state. 

(2) Energy transfer is in the directions of the arrows only. 

(3) For the environment, T0 = 300 K. 

 

Analysis: 

An energy rate balance reduces to give: 
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Using Eq. 2.31, the heat transfer rate by conduction is: 
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The rates of exergy transfer accompanying heat transfer are, respectively: 

Qin

Reservoir

TH = 1000 K

s = 1 cm

k = 0.5 kW/m·K

0.01 < L < 1.0 m

L

Reservoir

TC = 350 K

Qout
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The rate of exergy destruction can be obtained by reducing an exergy rate balance, which in this 

case corresponds to finding the difference between the exergy entering and exiting the rod. Thus: 

 

 ̇  [                          ]  [                           ]  (         ) ̇  
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Sample Calculation:  L = 1m,  ̇            ,  ̇            

 

Plots (done in IT): 
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Discussion: 

As the length of the rod increases, the heat transfer rate and the exergy destruction rate decrease 

rapidly. Since exergy can be viewed as having economic value (see Sec. 7.7), a reduction in 

exergy destruction can be viewed as a cost saving. However, the cost of the rod increases with 

length, so an economic tradeoff is inherent in selecting a value for L. 

In Out Destroyed
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Problem 7.53   
 

At steady state, hot gaseous products of combustion from a gas turbine cool from 3000°F to 

250°F as they flow through a stack. Owing to negligible fluid friction, the flow occurs at nearly 

constant pressure. Applying the ideal gas model with cp = 0.3 Btu/lb·°R, determine the exergy 

transfer from the gas, in Btu per lb of gas flowing. Let T0 = 80°F and ignore the effects of motion 

and gravity. 

 

Known:  

A stack is cooling gas from a gas turbine, with provided conditions. 

 

Find:  

Determine the exergy transfer from the gas. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) The flow is internally reversible. Fluid friction is negligible and the gas flows at constant 

pressure. 

(3) The gas is modeled as an ideal gas with cp = 0.3 Btu/lb·°R. 

(4) Ignore the effects of motion and gravity. 

(5) For the environment, T0 = 540°R (80°F). 

 

Analysis: 

Applying the steady state control volume exergy rate balance, Eq. 7.13: 
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Comment: 

 

1. Alternatively: 
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From Eq. 6.49: 

                   
 

From Eq. 6.10b and using assumption 2: 
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Problem 7.56   
 

R-134A at 100 lbf/in.
2
, 200°F enters a valve operating at steady state and undergoes a throttling 

process.  (a) Determine the exit temperature, in °F, and the exergy destruction rate, in Btu per lb 

of R-134A flowing, for an exit pressure of 50 lbf/in.
2
 (b) Plot the exit temperature, in °F, and the 

exergy destruction rate, in Btu per lb of R-134A flowing, each versus exit pressure ranging from 

50 to 100 lbf/in.
2
 Let T0 = 70°F, p0 = 14.7 lbf/in.

2
 

 

Known:  

R-134A at a known state enters a valve operating at steady state and undergoes a throttling 

process to pressure p2. 

 

Find:  

(a) For p2 = 50 lbf/in.
2
, determine the exit temperature and the exergy destruction per unit of 

steam flowing.  

(b) Plot these quantities versus p2 ranging from 50 to 100 lbf/in.
2
 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) The R-134A undergoes a throttling process in passing through the valve. 

(3) For the environment, T0 = 70°F, p0 = 14.7 lbf/in.
2
 

 

Analysis: 

State 1 is fixed by T1 = 200°F, p1 = 100 lbf/in.
2
 To fix state 2, we use assumption (2) and 

     . Thus, with p2 and h2, state 2 is fixed as well and T2 can be determined.  

 

From Table A-12E, h1 = 142.45 Btu/lb and s1 = 0.2671 Btu/lb·°R.  

At p2 = 50 lbf/in.
2
 and h2 = h1 with interpolation: 
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p1 = 100 lbf/in.2

T1 = 200 F

  
1 2

50 < p2 < 100 lbf/in.2

p1 = 100 lbf/in.2

T1 = 200 F
T
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Constant h



To obtain 
 ̇ 

 ̇
, we begin with an exergy balance at steady state: 
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Now, from Eq. (1) above:  
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(a) The data to construct the required plots are obtained using IT, as follows: 

IT Code 

p1 = 100 // lbf/in.^2 

T1 = 200 // F 

p2 = 50 // lbf/in.^2 

T0 = 530 // F 

 

h1 = h_PT("R134A", p1, T1) 

h2 = h_PT("R134A", p2, T2) 

h1 = h2 

s1 = s_PT("R134A", p1, T1) 

s2 = s_PT("R134A", p2, T2) 

 

Ed = T0 * (s2 - s1) 

 

IT Solution for p2 = 50 lbf/in.
2 

 h1  s1  s2  T2  Ed 

 142.4  0.2671  0.28  193  6.796  

 

 Plots: 
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Comments: 

1. As seen on the accompanying T-s diagram, the exit temperature decreases as p2 decreases 

for fixed h. Thus, the plot of exit temperature exhibits the expected behavior. 

2. The rate of exergy destruction per unit mass of R-134A flowing increases with 

decreasing p2. This is also expected based on greater entropy production and hence 

increasing s2 (see T-s diagram). 

Exergy Destruction Rate vs. Pressure 2
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Problem 7.57   
 

Carbon monoxide at 250 lbf/in.
2
, 850°R, and a volumetric flow rate of 75 ft

3
/min enters a valve 

operating at steady state and undergoes a throttling process. Assuming ideal gas behavior:  (a)  

determine the rate of exergy destruction, in Btu/min, for an exit pressure of 30 lbf/in.
2
 and (b)  

plot the exergy destruction rate, in Btu/min, versus exit pressure ranging from 30 to 250 lbf/in.
2
 

Let T0 = 530°R, p0 = 15 lbf/in.
2
 

 

Known:  

Carbon monoxide at a known state enters a valve operating at steady state with a known 

volumetric flow rate. The carbon monoxide undergoes a throttling process to exit pressure p2. 

 

Find:  

(a) For p2 = 30 lbf/in.
2
, determine the exergy destruction rate and (b) plot the exergy destruction 

rate versus p2 ranging from 30 to 250 lbf/in.
2
 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) The carbon monoxide undergoes a throttling process in passing through the valve. 

(3) The carbon monoxide is modeled as an ideal gas. 

(4) For the environment, T0 = 530°F, p0 = 15 lbf/in.
2
 

 

Analysis: 

(a) State 1 is fixed by T1 = 850°R, p1 = 250 lbf/in.
2
 To fix state 2, we use assumption (2) 

and      . By assumptions (2) and (3), T2 = T1. To determine  ̇ , we begin with an 

exergy balance at steady state. With  ̇   ̇   ̇: 

 

  ∑(  
  
  
)  ̇ ⏟
  

  ̇⏟
  

  ̇[       ]   ̇ 
 

 

Or: 

2

T

s

  
1

p2

p1 = 250 lbf/in.2

T1 = 850 R
(AV)1 = 75 ft3/min

  
1 2

30 < p2 < 250 lbf/in.2

p1 = 250 lbf/in.2

T1 = 850 R



 ̇   ̇(       )   ̇ [(     )⏟      
  

   (     )]   ̇  (     )             ( ) 

 

To determine  ̇ we use we  ̇  
(  )  

  
 and the ideal gas equation for   : 

 

 ̇  
  (  ) 
   

 
(   

   
    

 |
        

     
|) (  

   

   )

(
    
     

(      )
     

) (     )
      

  

   
 

 

Using ideal gas relations with Eq. (1) and inserting values: 

 ̇   ̇  [ 
 (  )   

 (  )⏟          
  

    
  
  
]  (     

  

   
) (     ) [ 

     

     

   

     
  
  

   
]

       
   

   
 

 

(b) The data to construct the required plots are obtained using IT, as follows. For the IT 

solutions,   (     ) and the entropy values   (     ) and   (     ) are evaluated 

directly using internal IT property functions. 

 

IT Code 

p1 = 250 // lbf/in.^2 

T1 = 850 // R 

p2 = 30 // lbf/in.^2 

AV1 = 75 // ft^3 / min 

T0 = 530 // R 

 

T2 = T1 

v1 = v_Tp("CO",T1,p1)  

s1 = s_Tp("CO",T1,p1) 

s2 = s_Tp("CO",T2,p2) 

 

mdot = AV1/v1 

Ed = mdot * T0 * (s2 - s1) 

 

IT Solution for P2 = 50 lbf/in.
2 

 Ed  mdot  s1  s2  v1 

 4590  57.58  1.598  1.749  1.303 

 

  

 

 

 

 



Plot: 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion: 

From the plot, we see that the rate of exergy destruction increases with decreasing p2. This is 

expected based on greater entropy production and hence increasing s2. 

Exergy Destruction Rate vs. Pressure 2
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Problem 7.62   
 

An insulated turbine operating at steady state receives steam at 300 lbf/in.
2
, 550°F and exhausts 

at 3 lbf/in.
2
 Plot the exergy destruction rate, in Btu per lb of steam flowing, versus turbine 

isentropic efficiency ranging from 50 to 100%. The effects of motion and gravity can be ignored 

and T0 = 60°F, p0 = 1 atm. 

 

Known:  

An insulated steam turbine operating at steady state receives steam at a known state and exhausts 

at a given pressure. 

 

Find:  

Plot the exergy destruction rate per unit of steam flowing versus isentropic turbine efficiency 

ranging from 50 to 100%. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) For the turbine,  ̇     and kinetic and potential energy effects can be neglected. 

(3) For the exergy reference environment, T0 = 520°R, p0 = 1 atm. 

 

Analysis: 

To determine the exergy destruction rate, we begin with mass and entropy rate balances which 

reduce to give: 

  ∑
 ̇ 

  ⏟
  

 

  ̇(     )   ̇   
 ̇  
 ̇
       

 

With  ̇     ̇   
 ̇ 
 ̇
   (     )                                                               ( ) 

 

2

1

1

2

p1 = 300 lbf/in.2

T1 = 550 F

 

 

p2 = 3 lbf/in.2

0.5 < ηt < 1.0

2s

p1 = 300 lbf/in.2

T1 = 550 F

p2 = 3 lbf/in.2

s

T

 

 

 



Since p1 = 300 lbf/in.
2
, T1 = 550°F, state 1 is in the superheated vapor region and the state is 

fixed. To fix state 2, we use the isentropic turbine efficiency: 

   
     
      

         (      )                                         ( ) 

 

Where h2s is determined using p2 = 3 lbf/in.
2
 and s2s = s1. Then, with p2 and h2 known from Eq. 

(2), s2 can be determined. 

 

Sample calculation for ηt = 0.5:  

From Table A-4E,          
   

  
          

   

     
. With              

   

     
 and using 

Table A-3E at p2: 

 

    
       
    

 
             

      
       

                       (     )(      )        
   

  
 

 

From Eq. (2): 

        (      )            (             )         
   

  
 

 

With p2 = 3 lbf/in.
2
: 

 

   
      
    

 
              

      
       

                     (     )(      )        
   

     
 

 

Thus: 

 ̇ 
 ̇
   (     )  (     )(             )

   

     
       

   

  
 

 

The data to construct the required plot are obtained using IT, as follows:  
 

IT Code 

p1 = 300 // lbf/in.^2 

T1 = 550 // F 

p2 = 3 // lbf/in.^2 

eff = 0.5 

T0 = 520 // R 

 

h1 = h_PT("Water/Steam", p1, T1)  

s1 = s_PT("Water/Steam", p1, T1) 

s2s = s1 

h2s = h_Ps("Water/Steam", p2, s2s)   



h2 = h1 - eff * (h1 - h2s) 

Ed = T0 * (s2 - s1) 

h2 = h_Ps("Water/Steam", p2, s2)   

 

IT Solution for ηt = 0.5:
 

h1  h2  h2s  s1  s2  s2s  Ed 

1286  1118  950.1  1.599  1.879  1.599  145.5 

 

Plot: 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion: 

From the plot, we see that lower values of isentropic turbine efficiency correspond to increased 

exergy destruction, as expected. 

Exergy Destruction Rate vs. Isentropic Efficiency
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Problem 7.63   
 

Air enters a compressor operating at steady state at T1 = 320 K, p1 = 2 bar with a velocity of 80 

m/s. At the exit, T2 = 550 K, p2 = 6 bar and the velocity is 180 m/s. The air can be modeled as an 

ideal gas with cp = 1.01 kJ/kg·K. Stray heat transfer can be ignored. Determine, in kJ per kg of 

air flowing, (a) the power required by the compressor and (b) the rate of exergy destruction 

within the compressor.   Let T0 = 300 K, p0 = 1 bar. Ignore the effects of motion and gravity. 

 

Known:  

An air compressor operates at steady state with known initial conditions. 

 

Find:  

Determine (a) the power required by the compressor, and (b) the rate of exergy destruction 

within the compressor. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) For the compressor,  ̇     and the effects of gravity can be neglected. 

(3) The air can be modeled as an ideal gas with cp = 1.01 kJ/kg·K 

(4) For the environment, T0 = 300 K, p0 = 1 bar. 

 

Analysis: 

(a) Reducing an energy rate balance: 
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T1 = 320 K
p1 = 2 bar
V1 = 80 m/s

T2 = 550 K
p2 = 6 bar
V2 = 180 m/s
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(b) The rate of exergy destruction is  ̇     ̇, where  ̇ is the rate of entropy production. 

From an entropy rate balance,  ̇   ̇(     ). Thus: 
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Problem 7.66   
 

Air enters a turbine operating at steady state at a pressure of 75 lbf/in.
2
, a temperature of 800°R, 

and a velocity of 400 ft/s. At the exit, the conditions are 15 lbf/in.
2
, 600°R, and 100 ft/s. There is 

no significant change in elevation. Heat transfer from the turbine to its surroundings at a rate of 

10 Btu per lb of air flowing takes place at an average surface temperature of 700°R.  

(a) Determine, in Btu per lb of air passing through the turbine, the work developed and the 

exergy destruction rate.   

(b) Expand the boundary of the control volume to include both the turbine and a portion of its 

immediate surroundings so that heat transfer occurs at a temperature T0. Determine, in Btu per lb 

of air passing through the turbine, the work developed and the exergy destruction rate. 

(c) Explain why the exergy destruction rates in parts (a) and (b) are different. 

 

 Let T0 = 40°F, p0 = 15 lbf/in.
2
  

 

Known:  

Data are provided for a turbine operating at steady state. 

 

Find:  

Determine per unit mass of air flowing, the work developed and the exergy destruction rate at 

various boundary temperatures.  Explain why these values are different. 

 

Schematic and Known Data: 

 
 

Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) Heat transfer takes place at temperature Tb. 

(3) There are no effects from gravity. 

(4) The air can be modeled as an ideal gas. 

(5) For the environment, T0 = 600°R (40°F), p0 = 15 lbf/in.
2
 

 

Analysis: 

(a) At steady state, an energy rate balance reduces to give: 

   ̇    ̇    ̇ [      (
  
    

 

 
)   (     )⏟      

  

], rearranging: 

1 2

p1 = 75 lbf/in.2

T1 = 800 R
V1 = 400 ft/s

p2 = 15 lbf/in.2

T2 = 600 R
V2 = 100 ft/s

Boundary for part (b) 
with Tb = T0=500 R Qcv/m = -10 Btu/lb

T0 = 40 F = 500 R 
p0 = 15 lbf/in.2Boundary for part (a) 

with Tb =700 R
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                                            ( ) 

 

With given information and data from Table A-22E: 
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The exergy destruction can be evaluated by reducing an exergy rate balance. Rearranging and 

expanding the flow exergy terms, Eq. 7.13a becomes: 

 ̇ 
 ̇
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 [        (     )  

  
    

 

 
] 

 

Introducing Eq. (1) and simplifying: 
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 ̇
   [(     )  

 ̇  
 ̇  

] 

 

Or with assumption (4): 
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 ̇
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 (  )   
 (  )  
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 ̇  
 ̇  

] 

 

Using Tb = 700°R and data from Table A-22E: 
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(b) Using Tb = 500°R and data from Table A-22E: 

 ̇ 
 ̇
 (     ) [(                

     

     
  
  

  
)
   

     
 
   

   
  

     
]       

   

  
 

(c) The exergy destruction rate is greater in part (b) because the enlarged control volume in 

part (b) has an additional source of irreversibility associated with the heat transfer from 

the outer surface of the turbine to the ambient.  For the control volume described in part 

(a), this same heat transfer effect is an external irreversibility. 

 



Problem 7.67  
 

A stream of hot water at 300°F, 500 lbf/in.
2
, and a velocity of 20 ft/s is obtained from a 

geothermal supply. Determine the specific flow exergy, in Btu/lb. The velocity is relative to the 

exergy reference environment for which T0 = 77°F, p0 = 1 atm. Neglect the effect of gravity. 

 

Known:  

A stream of hot water at a specified state is obtained from a geothermal source. 

 

Find:  

Determine the specific flow exergy. 

 

Schematic and Known Data: 

 

 
 

Engineering Model: 

(1) The effects of gravity can be neglected. 

(2) The velocity is relative to the exergy reference environment for which T0 = 77°F, p0 = 1 atm. 

 

Analysis: 

Obtain specific flow exergy using: 

          (    )  
  

 
        (1) 

Interpolating from Table A-2E for conditions at the dead state where 77°F: 

     (  )       
   

  
      (  )         

   

     
 

 

The given state is compressed liquid and from Table A-5E: 

        
   

  
          

   

     
  

Inserting values and with assumption (2), Eq. (1) becomes: 
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p = 500 lbf/in.2

T = 300 F
V = 20 ft/s

T0 = 77 F
p0 = 1 atm







Problem 7.70   
 

Steam at 2 MPa and 360°C with a mass flow rate of 0.2 kg/s enters an insulated turbine operating 

at steady state and exhausts at 300 kPa. Plot the temperature of the exhaust steam, in °C, the 

power developed by the turbine, in kW, and the rate of exergy destruction within the turbine, in 

kW, each versus the isentropic turbine efficiency ranging from 0 to 100%. Ignore the effects of 

motion and gravity. Let T0 = 30°C, p0 = 0.1 MPa. 

 

Known:  

Steady state operating data are provided for a steam turbine. 

 

Find:  

Plot the isentropic turbine efficiency ranging from 0 to 100%, the turbine exit temperature, 

power developed, and the rate of exergy destruction within the turbine. 

 

Schematic and Known Given Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) For the turbine,  ̇     and kinetic and potential energy effects can be neglected. 

(3) For the exergy reference environment, T0 = 303 K, p0 = 0.1 MPa. 

 

Analysis: 

At steady state, mass and energy rate balances reduce to give  ̇    ̇(     ). Introducing 

the isentropic turbine efficiency: 

   
     
      

                                                                                   ( ) 

 ̇    ̇  (      )                                                                           ( ) 
 

Note that Eq. (1) gives h2, which together with p2 fixes T2. Mass and entropy rate balances 

reduce to give: 

 ̇   ̇  (     )                                                                               ( ) 
 

Sample Calculation at ηt = 80% 

1 2

p1 = 2 MPa
T1 = 360 C
ṁ = 0.2 kg/s

p2 = 0.3 MPa

s

h

2

 

 

1

 

2s

2 MPa

0.3 MPa

ηt = 0%

ηt = 100%



From Table A-4: 

         
  

  
          

  

    
 

Then, with h2s determined with s2s = s1 and table data from Table A-3 at p2 = 0.3 MPa (3 bar): 

 

    
      
     

 
             

             
          

                  (      )         
  

  
 

        (      )            (              )         
  

  
 

State 2 is in superheated vapor region and using Table A-4 and interpolation: 

                       
  

    
 

So, with Eqs. (2) and (3): 

 

 ̇   (   
  

 
) (   )(              )

  

  
          

 ̇  (   
  

 
) (     )(             )

  

  
          

 

IT Code:  

ηt = 80% 

p1 = 2000 // kPa 

T1 = 360 // C 

p2 = 300 // kPa 

eta = 0.8 

mdot = 0.2 // kg/s 

T0 = 303 // K 

 

h1 = h_PT("Water/Steam", p1, T1)  

s1 = s_PT("Water/Steam", p1, T1) 

s2s = s1 

h2s = h_Ps("Water/Steam", p2, s2s) 

h2 = h1 - eta * (h1 - h2s) 

s2 = s_Ph("Water/Steam", p2, h2) 

 

T2 = T_Ph("Water/Steam", p2, h2) 

Wdot = mdot * (h1 - h2) 

Edot = mdot * T0 * (s2 - s1) 

 

IT Solution for ηt = 0.8:
 

h2  h2s  s1  T2  Wdot  Edot 

2812  2725  6.991  174.2  69.44  12.33 

 



Plots: 

 

 

Discussion: 

1. The case of ηt = 100% corresponds to maximum power and zero exergy destruction. 

2. In the case of ηt = 0%, there is no work, and the turbine acts as a throttling process with h2 = 

h1. 
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Problem 7.71   
 

Steam enters an insulated turbine operating at steady state at 120 lbf/in.
2
, 600°F, with a mass 

flow rate of 3x10
5
 lb/h and expands to a pressure of 10 lbf/in.

2
 The isentropic turbine efficiency 

is 80%. If exergy is valued at 8 cents per kW·h, determine: 

(a)  the value of the power produced, in $/h. 

(b)  the cost of the exergy destroyed, in $/h. 

(c)  plot the values of the power produced and the exergy destroyed, each in $/h, versus 

isentropic efficiency ranging from 80 to 100%. 

 

Ignore the effects of motion and gravity. Let T0 = 70°F, p0 = 1 atm. 

 

Known:  

Steady state operating data are provided for a steam turbine. 

 

Find:  

If the isentropic efficiency is 80% and exergy is valued at 8 cents per kW·h, determine the value 

of the power produced and the cost of the exergy destroyed. Plot the quantities versus isentropic 

efficiency ranging from 80 to 100%. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) For the turbine,  ̇     and kinetic and potential energy effects can be neglected. 

(3) For the exergy reference environment, T0 = 530°R, p0 = 1 atm. 

(4) Exergy is valued at 8 cents per kW·h. 

 

Analysis: 

Reducing mass and energy rate balances and using the definition of isentropic turbine efficiency: 

 ̇   ̇(     )     ̇(      )                                                    ( ) 
 

Using  ̇     ̇   and  ̇   from the mass and entropy balances: 

 ̇     ̇(     )                                                                                   ( ) 

1 2

p1 = 120 lbf/in.2

T1 = 600 F
ṁ = 3 x 105 lb/h

p2 = 10 lbf/in.2
2s

p1 = 120 lbf/in.2

p2 = 10 lbf/in.2

s

T

 

 

1

2 



 

(a) From Table A-4E,          
   

  
          

   

    
.   

Then, with h2s determined with s2s = s1 and table data from Table A-3E at p2 = 10 lbf/in.
2
: 

 

    
      
   

 
             

      
        

Then: 
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Substituting into Eq. (1): 
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The value is: 
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(b) To fix state 2 use Eq. (1) to write 
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Then at p2 = 10 lbf/in.
2
 and using Table A-3E, state 2 is superheated vapor.  Using Table 

A-4E at p2 and h2 and interpolating: 

 

         
   

     
  

 

Substituting into Eq. (2): 
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The cost rate is: 
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(c) IT Code 

p1 = 120 // lbf/in.^2 

T1 = 600 // F 

p2 = 10 // lbf/in.^2 

eta = 80 // % 

mdot = 300000 // lb/h 

T0 = 530 // R 

 

h1 = h_PT("Water/Steam", p1, T1)  

s1 = s_PT("Water/Steam", p1, T1) 



s2s = s1 

h2s = h_Ps("Water/Steam", p2, s2s) 

h2 = h1 - (eta / 100) * (h1 - h2s) 

s2 = s_Ph("Water/Steam", p2, h2) 

 

Wdot = mdot * (h1 - h2) 

CostW = Wdot * (0.08 / 3413) 

Edot = mdot * T0 * (s2 - s1) 

CostE = Edot * (0.08 / 3413) 

 

IT Solution for ηt = 0.8:
 

 h2  s2  Wdot   CostE  CostW  Edot 

 1154  1.803  5.222E7 247.4  1224  1.056E7 

 

Plots: 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion: 

At higher values of ηt, there is less exergy destruction and greater power output, as expected. 
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Problem 7.73   
 

Air at T1 = 1300°R, p1 = 16 lbf/in.
2
 enters a counterflow heat exchanger operating at steady state 

and exits p2 = 14.7 lbf/in.
2
 A separate stream of air enters at T3 = 850°R, p3 = 60 lbf/in.

2
 and exits 

at T4 = 1000°R, p4 = 50 lbf/in.
2
 The mass flow rate of the streams are equal. Stray heat transfer 

and the effects of motion and gravity can be ignored. Assuming the ideal gas model with cp = 

0.24 Btu/lb·°R, determine (a)  T2, in °R, (b)  the rate of exergy destruction within the heat 

exchanger, in Btu per pound of air flowing, and (c)  plot the exergy destruction rate (in Btu per lb 

of air flowing) versus p2 ranging from 1 to 50 lbf/in.
2
   

 

Let T0 = 520°R, p0 = 1 atm. 

 

Known:  

Steady state operating data are provided for a heat exchanger with two separate streams of air 

flowing through it. 

 

Find:  

Determine (a) the temperature at the outlet of the first stream, and (b) the rate of exergy 

destruction within the heat exchanger. (c) Plot the rate of exergy destruction versus p2 ranging 

from 1 to 50 lbf/in.
2 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) For the control volume, stray heat transfer and the effects of motion and gravity can be 

neglected. 

(3) The air is modeled as an ideal gas with cp = 0.24 Btu/lb·°R. 

(4) For the exergy reference environment, T0 = 520°R, p0 = 1 atm. 

 

Analysis: 

(a) An exergy rate balance reduces to read: 

   ̇  ⏟
  

  ̇  ⏟
  

  ̇(     )   ̇(     )      (     )    (     ) 

                                 
 

(b) To determine  ̇  it is convenient to use  ̇     ̇  , where  ̇   is obtained from an 

entropy rate balance: 
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4 1000oR
50 lbf/in.2

ṁ
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3
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16 lbf/in.2
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850oR
60 lbf/in.2

ṁ
Air
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(c) IT Code 

p1 = 16 // lbf/in.^2 

T1 = 1300 // R 

p2 = 14.7 // lbf/in.^2 

T3 = 850 // R 

p3 = 60 // lbf/in.^2 

T4 = 1000 // R 

p4 = 50 // lbf/in.^2 

T0 = 520 // R 

 

T2 = T1 + T3 - T4 

s1 = s_Tp("Air",T1,p1) 

s2 = s_Tp("Air",T2,p2) 

s3 = s_Tp("Air",T3,p3) 

s4 = s_Tp("Air",T4,p4) 

 

Ed = T0 * (s2 - s1 + s4 - s3) 

 

IT Solution for p2 = 14.7:
 

 Ed  s1  s2  s3  s4  T2 

 14.06  0.8108  0.7853  0.6139  0.6665  1150 

 

 

 

 

 

 

 

 

 

 

 



 

 

Plot: 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comment: 
1. The answer to part (c) is slightly different than the answer attained in part (b) due to 

rounding errors associated with assumption (3). 

2. The plot obtained in part (c) eventually reaches a negative exergy destruction rate at 

       
   

    
.  This indicates that the second law is violated once p2 exceeds this value, 

meaning that the problem setup is impossible at that point. Otherwise, the plot conforms 

to the expected shape, as the exergy destruction rate decreases as the pressure at point 

two increases.  

3. In an actual application, achieving a p2 value which exceeds the p1 value of   
   

    
 would 

require a device within the control volume to increase the stream’s air pressure.   
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Problem 7.74   
 

A counterflow heat exchanger operating at steady state has water entering as saturated vapor at 5 

bar with a mass flow rate of 4 kg/s and exiting as saturated liquid at 5 bar. Air enters in a 

separate stream at 320 K, 2 bar and exits at 350 K with negligible change in pressure. Heat 

transfer between the heat exchanger and its surroundings is negligible. Determine (a) the change 

in the flow exergy rate of each stream, in kW and (b) the rate of exergy destruction in the heat 

exchanger, in kW.  Ignore the effects of motion and gravity. Let T0 = 300 K, p0 = 1 atm. 

 

Known:  

Water and air flow on opposite sides of a counterflow heat exchanger operating at steady state. 

Operating data are provided. 

 

Find:  

Determine (a) the change in flow exergy rate of each stream, and (b) the rate of exergy 

destruction.
 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. 

(2) For the control volume,  ̇    ̇     and the effects of kinetic and potential energy can be 

neglected. 

(3) The air is modeled as an ideal gas. 

(4) For the environment, T0 = 300 K, p0 = 1 atm. 

 

Analysis: 

First we use mass and energy rate balance to determine  ̇ . That is  ̇   ̇   ̇  and 

 ̇   ̇   ̇ . Thus, with assumptions (1) and (2): 

   ̇  ⏟
  

  ̇  ⏟
  

  ̇(     )    ̇ (     )    (1) 

 

Or, solving for  ̇  and inserting enthalpy data from Tables A-3 and A-22: 
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Saturated Vapor
p1 = 5 bar
ṁ w= 4 kg/s

Air
T3 = 320 K
p3 = 2 bar

Saturated Liquid
p2 = 5 bar

Air
T4 = 350 K
p4 = 2 bar
ṁa = ?



 

 

(a) The change in flow exergy rate for the water stream is: 
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 For the air stream, using data from Table A-22: 
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(b) At steady state, the exergy rate balances reduces to: 
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Thus: 

 ̇   [ ̇    ̇  ]  [ ̇    ̇  ]   (       )                    

 

Comment: 

1. The decrease in energy in the water stream exactly equals the increase in energy in the air 

stream, for energy is conserved—see Eq. (1). However, because exergy is destroyed, the 

decrease in exergy of the water stream differs significantly from the increase of exergy of 

the air stream. Indeed, the decrease in exergy of the water stream is accounted for as the 

increase in exergy of the air stream plus the exergy destroyed. 

1#





Problem 7.76   
 

Air enters a counterflow heat exchanger operating at steady state at 27°C, 0.3 MPa and exits at 

12°C. Refrigerant 134a enters at 0.4 MPa, a quality of 0.3, and a mass flow rate of 35 kg/h. 

Refrigerant exits at 10°C. Stray heat transfer is negligible and there is no significant change in 

pressure for either stream. 

(a) For the Refrigerant 134a stream, determine the rate of heat transfer, in kJ/h. 

(b) For each of the streams, evaluate the change in flow exergy rate, in kJ/h, and interpret its 

value and sign.
 

 

Let T0 = 22°C, p0 = 0.1 MPa, and ignore the effects of motion and gravity. 

 

Known:  

Operating data are provided for a counterflow heat exchanger at steady state. One stream is R-

134a and the other is air. 

 

Find:  

(a) For the R-134a, determine the rate of heat transfer, and (b) for each of the two streams, 

evaluate the change in flow exergy rate and discuss.
 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state. With  ̇    ̇     and 

negligible effects of motion and gravity. 

(2) For a control volume enclosing only the refrigerant stream, the foregoing applies, except 

 ̇    . 
(3) For each stream, pressure change is negligible. 

(4) The air is modeled as an ideal gas. 

(5) For the environment, T0 = 22°C =295 K, p0 = 0.1 MPa. 

 

Analysis: 

(a) For a control volume enclosing only the refrigerant stream, the mass and energy rate 

balances reduce to give: 
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4

Air
T1 = 27 C
p1 = 0.3 MPa
ṁa= ?

R-134a
p3 = 0.4 MPa = 4 bar
x3 = 0.3
ṁref = 35 kg/h

R-134a
T4 = 10 C
p4 = p3

Air
T2 = 12 C
p2 = p1



 From Tables A-11 and A-12 at the provided conditions           
  

  
    

      
  

  
. Thus: 
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(b) The change in flow exergy rate for the refrigerant stream is, with data from Tables A-11 

and A-12: 

(  ̇ )     ̇   
[(     )    (     )]

 (  
  

 
) [(              )

  

  

 (     )(              )
  

    
 ]      

  

 
 

 

To determine the changes in flow exergy for the air, we first evaluate  ̇  using mass and 

energy rate balances for the overall control volume. 
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Rearranging and inserting values from Tables A-11, 12, and 22: 
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Now, the change in exergy rate of the air is: 
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With data from Table A-22: 
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Comments: 

1. As the refrigerant flows through the heat exchanger, its state is brought closer to the dead 

state and its exergy decreases, as confirmed by this calculation. 

 

p = 0.4 MPa

p0 = 0.1 MPa
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2. As the air is brought at constant pressure from above the dead state to a lower 

temperature, its exergy increases as confirmed by this calculation. 

 
3. When heat transfer occurs at temperatures below T0, as in the present case (generally), the 

accompanying exergy transfer occurs from the warmer air to the cooler refrigerant. Still, 

exergy transfer is from the refrigerant. Further, the exergy transferred from the refrigerant 

is accounted for by the exergy increase of the air and by the exergy destroyed within the 

heat exchanger owing to spontaneous heat transfer. 
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Problem 7.79   

 
Oxygen (O2) enters a well insulated nozzle operating at steady state at 80 lbf/in.

2
, 1100°R, 90 

ft/s. At the nozzle exit, the pressure is 1 lbf/in.
2
 The isentropic nozzle efficiency is 85%. For the 

nozzle, determine the exit velocity, in ft/s, and the exergy destruction rate, in Btu per lb of 

oxygen flowing. Let T0 = 70°F, p0 = 14.7 lbf/in.
2 

 

Known:  

Oxygen enters a well insulated nozzle operating at steady state at a given state and expands to a 

specified pressure. The isentropic nozzle efficiency is known. 

 

Find:  

Determine the exit velocity and the exergy destruction rate.
 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state.  

(2) For the control volume,  ̇    ̇     and potential energy effects are negligible. 

(3) The oxygen is modeled as an ideal gas. 

(4) For the environment, T0 = 530°R, p0 = 14.7 lbf/in.
2
 

 

Analysis: 

To determine the exergy destruction rate, we use mass and entropy rate balances and  ̇     ̇   

to get: 

  ∑(
 ̇

 
)
 ⏟  

  

  ̇(     )   ̇  
 ̇ 
 ̇
   (     )                                         ( )

 

 

 

To fix state 2, consider mass and energy balances which reduce as follows: 
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T1 = 1100 R
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p2 = 1 lbf/in.2

ηN = 85 %



 

 

 

To obtain V2 we use:  
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For the isentropic process from 1 to 2s: 
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 Interpolating in Table A-23E gives                         
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From Eq. (2): 
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Using the value for  ̅  and interpolating from Table A-23E,  ̅ (  )        
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Finally, from Eq. (1): 
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Problem 7.85   
 

Steam at 30 bar and 700°C is available at one location in an industrial plant. At another location, 

steam at 20 bar and 400°C is required for use in a certain process. An engineer suggests that 

steam at this condition can be provided by allowing the higher pressure steam to expand through 

a valve to 20 bar and then cool to 400°C through a heat exchanger with heat transfer to the 

surroundings, which are at 20°C. 

(a)  Evaluate this suggestion by determining the associated exergy destruction rate per mass flow 

rate of steam (kJ/kg) for the valve and heat exchanger.  Discuss. 

(b)  Evaluating exergy at 8 cents per kW·h and assuming continuous operation, estimate the total 

annual cost of the exergy destruction for a mass flow rate of 1 kg/s. 

(c)  Suggest an alternative method for obtaining steam at the desired condition that would be 

preferable thermodynamically, and determine the total amount cost, in $, of the exergy 

destruction for a mass flow rate of 1 kg/s.  Let T0 = 20°C, p0 = 1 atm. 

 

Known:  

A method is suggested for providing steam at 20 bar, 400°C from an available source at 30 bar, 

700°C. 

 

Find:  

(a) Using exergy principles, evaluate this suggestion.  

(b) Estimate the annual cost of this suggestion using data provided.  

(c) Suggest alternative method that would be preferable thermodynamically and discuss.
 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The expansion across the valve is a throttling process. 

(2) The heat exchanger operates at steady state with negligible effects of motion and gravity. 

(3) For the environment, T0 = 20°C, p0 = 1 atm. 

 

Analysis: 

(a) Considering the valve first, the rate of exergy destruction is: 

 
 ̇ 

 ̇
   

 ̇  

 ̇
      (1) 

where  
 ̇  

 ̇
           (2) 
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T1 = 700 C
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p3 = 20 bar
T3 = 400 C

p2 = 20 bar

Heat Exchanger    
1 2
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State 2 is fixed by p2 and h2 = h1 = 3911.7 kJ/kg (from assumption 1). Thus, with data from 

Table A-4, s1 = 7.7571 kJ/kg-K and the value of s2 = 7.9427is obtained using p2, h2 and 

interpolation.  Inserting values into Eq. (1): 
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Then, since the heat transfer as the stream goes from state 2 to state 3 is discarded without 

use, it is reasonable to locate the control volume enclosing the heat exchanger so that heat 

transfer occurs at the temperature of the surroundings, as shown in the accompanying figure. 

For this control volume, mass and exergy rate balances at steady state give: 
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Thus inserting values from above and Table A-4 into Eq. (3): 
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These exergy destruction values confirm what may be apparent: there are two significant 

sources of exergy destruction in the suggested method. One is related to the expansion across 

the valve and the other is related to heat transfer to the surroundings. It may come as a 

surprise; however, that the second of these is the far more significant source of exergy 

destruction. 

 

(b) The total exergy destruction rate is the sum of the values determined in part (a). For a mass 

flow rate of 1 kg/s: 
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Evaluating exergy destruction at $0.08 per kW·h, the annual cost is: 

                (         ) (
    

     
 
        

      
) (

     

    
)           

 

(c) The annual cost calculated in part (b) shows there is an economic incentive for considering 

other alternatives. For example, the valve could be replaced by a power recovery turbine, as 

shown in the figure below: 



 
For a turbine with an isentropic turbine efficiency of 80%, the specific enthalpy and entropy at 

state 2’ would be           
  

  
           

  

    
. The turbine exergy destruction rate is: 
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For the subsequent heat exchanger: 

(
 ̇ 

 ̇
)
              

 (      )    (      )

 (             )
  

  
 (     )(             )

  

    
       

  

  
 

 

The annual cost of the exergy destroyed for a flow rate of 1 kg/s is: 
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It is evident that the annual cost associated with the exergy destroyed has been reduced with this 

alternative. However, it must be recognized that there is an annual cost associate with owning 

and operating the power recovery turbine. In practice, proposals for improving energy resource 

utilization may not be approved unless they pay for themselves in a relatively short time possibly 

as few as three years.  It may be noted that with the arrangement in the figure above there is still 

a significant exergy destruction rate associated with heat transfer. This source of exergy 

destruction can be reduced by means of a waste heat recovery device in place of direct heat 

transfer to the surroundings. However, it must be recognized that there is an annual cost 

associated with owning and operating such a device. 
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Problem 7.93 

 

Air is compressed in an axial-flow compressor operating at steady state from 27°C, 1 bar to a 

pressure of 2.1 bar. The work required is 94.6 kJ per kg of air flowing. Heat transfer from the 

compressor occurs at an average surface temperature of 40°C at the rate of 14 kJ per kg of air 

flowing. The effects of motion and gravity can be ignored. Let T0 = 20°C, p0 = 1 bar. Assuming 

ideal gas behavior, (a) determine the temperature of the air at the exit, in °C, (b) determine the 

rate of exergy destruction within the compressor, in kJ per kg of air flowing, and (c) perform a 

full exergy accounting, in kJ per kg of air flowing, based on work input. 

 

Known:  

Operating data are provided for an air compressor at steady state. 

 

Find:  

Determine (a) the temperature of the air leaving the compressor, and (b) the rate of exergy 

destruction per kg of air flowing. (c) Perform a full exergy accounting in, kJ per kg of air 

flowing, based on work input. 

 

Schematic & Known Data: 

 
 

Engineering model: 

(1) The control volume shown in the accompanying figure is at steady state. 

(2) Heat transfer takes place at Tb only. 

(3) Kinetic and potential energy changes from inlet to exit can be ignored. 

(4) Air is modeled as an ideal gas. 

(5) For the environment, T0=293 K (20°C), p0=1 bar 

 

Analysis: 

 

(a) At steady state, with assumptions given and   ̇    ̇   ̇, and with data from Table A-22, 

          
  

  
 , an energy balance reduced to: 

 

   ̇    ̇    ̇       , rearranging 

T1 = 27 C = 300 K
p1 = 1 bar

p2 = 2.1 bar

1

2
Wcv / ṁ =-94.6 kJ/kg

Tb= 313 K (40 C)

Qcv / ṁ =-14 kJ/kg
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Interpolating from Table A-22 at          
  

  
,                             

  

(b)  Determine the rate of exergy destruction using Eq. 7.11a: 
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Rearranging and using values from Table A-22,             
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(c)  In order to perform a full exergy accounting, the following must first be determined: 

 

The net change in exergy of the air stream is 

( ̇    ̇  )

 ̇
                                                       

  

  
 

 

The exergy carried out via heat transfer is 
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Full Exergy Accounting: 

Exergy Supplied to compressor = work:      94.6 
  

  
    

Disposition of exergy: 

 Exergy increase of air stream:     73.25 
  

  
   (77%) 

  

 Exergy carried out via heat transfer:    0.895 
  

  
     (1%) 

  

 Exergy destroyed:      20.45 
  

  
   (22%) 



Problem 7.94   
 

Figure P7.94 shows a compressor fitted with a water jacket.  The compressor operates at steady 

state and takes in air with a volumetric flow rate of 900 m
3
/h at 22°C, 0.95 bar and discharges air 

at 317°C, 8 bar. Cooling water enters the water jacket at 20°C, 100 kPa with a mass flow rate of 

1400 kg/h and exits at 30°C and essentially the same pressure. The accompanying table gives 

steady-state operating data.  There is no significant heat transfer from the outer surface of the 

water jacket to its surroundings, and the effects of motion and gravity can be ignored. For the 

water-jacketed compressor, perform a full exergy accounting of the power input. Let T0 = 20°C, 

p0 = 1 atm. 

 

Known:  

Steady-state operating data are provided for a water-jacketed air compressor. 

 

Find:  

Perform an exergy accounting of the power input.
 

 

Schematic and Known Data: 

 

State Fluid 

type 

T p h  

(kJ/kg) 

s
o
 

(kJ/kg·K) 

1 Air 22° C 0.95 bar 295.17 1.68515 

2 Air 317° C 8 bar 596.52 2.39140 

 

 
 

 

Engineering Model: 

(1) The control volume shown in the schematic operates at steady state with negligible kinetic 

and potential energy effects and  ̇    . 

1 2

Air
p1 = 0.95 bar
T1 = 22 C
(AV)1 = 900 m3/h

p2 = 8 bar
T2 = 317 C

Cooling water
ṁ3 = 1400 kg/h
T3 = 20 C
p3 = 100 kPa

p4 = 100 kPa
T4 = 30 C

Ẇin



(2) Air is modeled as an ideal gas. 

(3) Water is modeled as incompressible with c = 4.19 kJ/kg (Table A-19). 

(4) For the environment, T0 = 293 K, p0 = 1 atm. 

 

Analysis: 

The exergy entering the control volume with the power input has the following disposition: the 

exergy of the air stream is increased, the exergy of the water stream is increased, and the exergy 

is destroyed by irreversibilities within the control volume. These quantities are now evaluated: 

 

At steady state,  ̇   ̇    ̇   ̇ . The energy rate balance reduces to give: 
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With the ideal gas model equation of state: 
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Then, insert values into Eq. (1) with provided h1 and h2 values from accompanying table, and Eq. 

3.20b: 
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The rate of exergy destruction can be determined using an exergy rate balance or  ̇     ̇ and 

an entropy rate balance. At steady state, the entropy rate balance reduces to give: 
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Therefore: 
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For the air, the increase in flow exergy rate from inlet to exit is: 
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Using values calculated in intermediate steps of previous calculations listed above: 
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For the water, the increase in flow exergy rate from inlet to exit is: 
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Using values calculated in intermediate steps of previous calculations listed above: 
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Exergy Accounting: 

 Power Input     100.83 kW 

 Disposition 

o Air Stream      76.75 kW  76.1% 

o Water Stream        0.27 kW  0.3% 

o Exergy Destruction  +            23.81 kW  23.6% 

=          100.83 kW  100% 

 

Comment: 

1. Alternatively, for the liquid water, h ~ hf (T), s ~ sf (T). 



Problem 7.95   
 

Argon enters an insulated turbine operating at steady state at 1000°C and 2 MPa and exhausts at 

350 kPa. The mass flow rate is 0.5 kg/s and the turbine develops power at the rate of 120 kW. 

Determine: 

(a)  the temperature of the argon at the turbine exit, in °C. 

(b)  the exergy destruction rate of the turbine, in kW. 

(c)  the turbine exergetic efficiency. 

 

Neglect kinetic and potential energy effects. Let T0 = 20°C, p0 = 1 bar. 

 

Known:  

Operating data are provided for an insulated turbine at steady state through which argon is 

expanding. 

 

Find:  

Determine (a) the temperature at the turbine exit, (b) the exergy destruction rate, and (c) the 

turbine exergetic efficiency.
 

 

Schematic and Known Data: 

 
 

Engineering Model: 

(1) The turbine is insulated and at steady state. 

(2) Kinetic and potential energy effects can be neglected. 

(3) Argon is modeled as an ideal gas. 

(4) For the environment, T0 = 20°C, p0 = 1 bar. 

 

Analysis: 

(a) With assumptions (1) and (2), mass and energy rate balances reduce to give 

 ̇    ̇(     )  

Accordingly, with    
 

 
  (

 

 
)
 ̅

 
  from Table A-21: 
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1 2

Argon
p1 = 2 MPa
T1 = 1000 C
ṁ = 0.5 kg/s

p2 = 350 kPa = 0.35 MPa
T2 = ?

W ̇cv = 120 kW



(b) The exergy rate is  ̇     ̇  , where  ̇   is the rate of entropy production. With stated 

assumptions, mass and entropy balances give  ̇    ̇(     ). Thus: 
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(c) The exergetic efficiency is given by Eq. 7.24: 
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Problem 7.97   
 

Figure P7.97 provides steady-state operating data for a throttling valve in parallel with a steam 

turbine having an isentropic turbine efficiency of 88%. The streams exiting the valve and the 

turbine mix in a mixing chamber. Heat transfer with the surroundings and the effects of motion 

and gravity can be neglected.  Determine: 

(a)  the power developed by the turbine, in Btu/s. 

(b)  the mass flow rates through the turbine and valve, each in lb/s. 

(c)  a full exergy accounting, in Btu/s, of the net rate at which exergy is supplied: ( ̇    ̇  ). 

 

Let T0 = 500°R, p0 = 1 atm. 

 

Known:  

Operating data are provided for two streams of steam flowing through a throttling valve in 

parallel with a turbine that combines in a mixing chamber. 

 

Find:  

Determine (a) the power developed by the turbine, (b) the mass flow rates through the turbine 

and valve, (c) a full exergy accounting. 

 

Schematic and Known Data: 

 

 

1

2

ηt = 88%

Valve

 

3

p1 = 500 lbf/in.2

T1 = 600 F
ṁ1 = 30 lb/s

 

 

p3= 180 lbf/in.2

 
4

p4 = 180 lbf/in.2

T4 = 500 F

p2 = 180 lbf/in.2

Turbine

Mixing 
Chamber

1

h

s

 

 
 

3

2

3s

 

 
4

p = 180 lbf/in.2
p = 500 lbf/in.2



 

 

State p (lbf/in.
2
) T (°F) h (Btu/lb) s (Btu/lb·°R) 

1 500 600 1298.3 1.5585 

2 180 551.5 1298.3 1.6650 

3 180 - 1212.2 1.5723 

3s 180 - 1200.5 1.5585 

4 180 400 1214.4 1.5749 

 

Engineering Model: 

(1) Control volumes enclosing the turbine, valve, mixing chamber, and overall configuration are 

at steady state. 

(2) Heat transfer with the surroundings and the effects of motion and gravity can be neglected. 

(3) The expansion across the valve is a throttling process. 

(4) For the environment, T0 = 500°R, p0 = 1 atm. 

 

Analysis: 

(a) Considering an overall control volume at steady state including the turbine, valve, and 

mixing chamber, mass and energy rate balances reduce to give  ̇   ̇       . With 

data from the provided table: 

 ̇  (  
  

 
)                

   

  
     

   

 
 |
      

   
|  |

    

    
   
 

|          

 

(b) Then mass and energy rate balances for a control volume enclosing only the turbine give 

 ̇   ̇        . Using the isentropic turbine efficiency: 

   
     

      
                    

 ̇   ̇             ̇  
 ̇ 

          
 

 

Inserting values from the provided table: 

 ̇  
(  

  
 )                

   
  

                     
   
  

      
  

 
 

 

The mass flow rate through the valve is then: 

 ̇   ̇   ̇   ̇   ̇   ̇               
  

 
 

 

(c) Mass and entropy rate balances for the valve give: 

 ̇       ̇ [     ] 
 

Using data from the provided table: 



 ̇      (    
  

 
)                

   

     
       

   

    
 

 

Mass and entropy rate balances for the turbine give: 

 ̇         ̇ [     ] 
 

Using data from the provided table: 

 ̇        (     
  

 
)                

   

     
       

   

    
 

 

Mass and entropy rate balances for the mixing chamber give: 

 ̇     ̇     ̇     ̇                                               

       
   

     
 

 

The rates of exergy destruction in the three components can be evaluated using  ̇  
   ̇  . Thus: 
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The net exergy carried in the water stream is: 

 ̇    ̇    ̇[                 ]

 (  
  

 
) [               

   

  
                       

   

     
]

     
   

 
 

 

Exergy Accounting: 

 Power Input     2763 Btu/s 

 Disposition 

o Power Developed   2517    Btu/s  91.1% 

o Valve Destruction     39.95 Btu/s  1.5% 

o Turbine Destruction   201.85 Btu/s  7.3% 

o Mixer Destruction  +              4.25 Btu/s  0.2% 

=           2763   Btu/s  100.1% 

 













Problem 7.103   
 

A steam turbine operating at steady state develops 9750 hp. The turbine receives 100,000 pounds 

of steam per hour at 400 lbf/in.
2
 and 600°F. At a point in the turbine where the pressure is 60 

lbf/in.
2
 and the temperature is 300°F, steam is bled off at the rate of 25,000 lb/h. The remaining 

steam continues to expand through the turbine, exiting at 2 lbf/in.
2
 and 90% quality. 

(a)  Determine the rate of heat transfer between the turbine and its surroundings, in Btu/h. 

(b)  Devise and evaluate an exergetic efficiency for the turbine. 

 

Kinetic and potential energy effects can be ignored. Let T0 = 77°F, p0 = 1 atm. 

 

Known:  

Operating data are provided for a steam turbine at steady state from which steam is bled off at a 

specified state and flow rate. 

 

Find:  

(a) Determine the rate of heat transfer between the turbine and its surroundings. (b) Devise and 

evaluate an exergetic efficiency.
 

 

Schematic and Known Data: 

 
 

Engineering Model: 

(1) The control volume shown in the accompanying figure operates at steady state. 

(2) Kinetic and potential energy effects can be neglected. 

(3) For the environment, T0 = 77°F, p0 = 1 atm. 

 

Analysis: 

(a) At steady state a mass rate balance reads  ̇   ̇   ̇ , or: 

 

 ̇   ̇   ̇                       
  

 
 

 

1

2

ṁ1 = 105 lb/h
p1 = 400 lbf/in.2

T1 = 600 F

  

 

3

Ẇcv = 9750 hp

ṁ2 = 0.25·105 lb/h
p2 = 60 lbf/in.2

T2 = 300 F

p3 = 2 lbf/in.2

x3 = 0.9



An energy rate balance with assumptions (1) and (2) gives: 

   ̇    ̇    ̇     ̇     ̇     
 

 ̇    ̇    ̇     ̇     ̇                                                                
 

From Table A-4E,          
   

  
          

   

  
          

   

     
    

      
   

     
. Then, with data from Table A-3E: 

                                     
   

  
 

                                     
   

     
 

 

Inserting values into Eq. (1): 
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(b) An exergy rate balance at steady state reads: 

  ∑[  
  

  
]  ̇   ̇      ̇      ̇      ̇    ̇  

Or: 

 ̇      ̇      ̇      ̇    ̇  ∑[  
  

  
]  ̇                           

 

The left side of Eq. (2) is the net exergy supplied to the turbine.  The right side of Eq. (2) 

shows that the net supply can be accounted for as power developed, exergy destroyed, 

and exergy lost in heat transfer to the surroundings. Accordingly, an exergetic efficiency 

that gauges how effectively the net supply is converted to power is: 

  
 ̇  

 ̇      ̇      ̇    

 
 ̇  

 ̇ [               ]   ̇ [               ]   ̇ [               ]
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Solving for the denominator: 
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)]   319.1155       

 
 

 

Inserting value for numerator from above and solving: 

 

  
               

 

               
 

          

 

 





















Problem 7.109   
 

Air enters the insulated duct shown in Fig. P7.109 at a temperature of 60°F and a pressure of 1 

atm and exits at a temperature of 140°F and a pressure only slightly less than 1 atm. Electricity is 

provided to the resistor at a rate of 0.1 kW. Kinetic and potential energy effects can be ignored. 

For steady state operation, 

(a)  determine the exergetic destruction rate, in kW. 

(b)  devise and evaluate an exergetic efficiency for the heater. 

 

Let T0 = 60°F, p0 = 1 atm. 

 

Known:  

Air flowing through an insulated duct is heated by an electrical resistor. 

 

Find:  

(a) Determine the exergy destruction rate and (b) devise and evaluate an exergetic efficiency for 

the heater.
 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the accompanying figure operates at steady state with  ̇     
and negligible effects of kinetic and potential energy. 

(2) Air is modeled as an ideal gas. 

(3) For the environment, T0 = 60°F, p0 = 1 atm. 

(4) There is negligible change in pressure 

 

Analysis: 

(a) The exergy destruction rate is  ̇     ̇  , where  ̇   is the rate of entropy production 

from an entropy balance. Thus,  ̇     ̇(     ). The mass flow rate  ̇ can be 

determined using mass and energy rate balances: 

   ̇  ⏟
  

  ̇    ̇(     )   ̇   
 ̇  
     

 

Air
1 atm
60 F

1

140 F

1

+ -

Ẇcv = -0.1 kW



 

Thus, with data from Table A-13E: 
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Accordingly: 
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(b) At steady state an exergy rate balance reduces to give: 

  ∑[  
  
  
]  ̇ ⏟
  

  ̇    ̇(       )   ̇  

Thus: 

  ̇    ̇(       )   ̇  

 

That is, the exergy entering by electrical work either goes into increasing the flow exergy 

of the air or is destroyed by irreversibilities. An exergetic efficiency can be defined as the 

ratio of the flow exergy increase to the exergy supplied: 
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Problem 7.116   
 

Steam at 450 lbf/in.
2
, 700°F enters a well-insulated turbine operating at steady state and exits as 

saturated vapor at a pressure, p. 

(a)  For p = 50 lbf/in.
2
, determine the exergy destruction rate, in Btu per lb of steam expanding 

through the turbine, and the turbine exergetic and isentropic efficiencies. 

(b)  Plot the exergy destruction rate, in Btu per lb of steam flowing, and the exergetic efficiency 

and isentropic efficiency, each versus pressure p ranging from 1 to 50 lbf/in.
2
 

 

Ignore the effects of motion and gravity and let T0 = 70°F, p0 = 1 atm. 

 

Known:  

Steam enters a well insulated turbine operating at steady state at a specified state and exits at 

pressure p. 

 

Find:  

(a) For p = 50 lbf/in.
2
, determine the exergy destruction rate per unit mass of steam flowing and 

the isentropic and exergetic turbine efficiencies. (b) Plot each of these quantities versus p ranging 

from 1 to 50 lbf/in.
2
 

 

Schematic and Known Data: 

 
Engineering model: 

(1) The control volume shown in the schematic is at steady state.  

(2) For the control volume,  ̇     and kinetic and potential energy effects are negligible. 

(3) For the environment, T0 = 70°F, p0 = 1 atm. 

 

Analysis: 

With assumptions (1) and (2), the mass and energy balances reduce to give: 

 ̇  

 ̇
                                                                                                

 

Further, mass and entropy rate balances reduce to give 
 ̇

 ̇
      . The exergy destruction rate 

is: 

1 2

p1 = 450 lbf/in.2

T1 = 700 F
1 < p2 < 50 lbf/in.2

x2 = 1.0

p1 = 450 lbf/in.2

p2

2s

s

T
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Furthermore, the isentropic and exergetic turbine efficiencies are, respectively: 

   
     

      
                                                                                            

  

 ̇  

 ̇
       

 
     

               
                                              

 

(a) From Table A-4E,          
   

  
          

   

     
. Further, from Table A-3E at 50 

lbf/in.
2
, h2 = hg = 1174.4 Btu/lb, s2 = sg = 1.6589 Btu/lb·°R. Accordingly: 

 ̇ 

 ̇
                       

   

     
       

   

  
 

 

State 2s is fixed by p2 and s2s = s1, therefore: 

    
      

   
 

             

      
         

Therefore: 

                                             
   

  
 

Thus, inserting values into Eq. (3): 

   
             

              
               

 

Now, from Eq. (4): 

  
             

                                  
               

 

(b) The data for the required plots are obtained using IT, as follows: 

IT Code: 

p1 = 450 // lbf/in.^2 

T1 = 700 // F 

x2 = 1.0 

p2 = 50 //lbf/in.^2 

T0 = 70 + 460 // R 

 

h1 = h_PT("Water/Steam", p1, T1) 

s1 = s_PT("Water/Steam", p1, T1) 

h2 = hsat_Px("Water/Steam", p2, x2) 

s2 = ssat_Px("Water/Steam", p2, x2)   

s2s = s_Ph("Water/Steam", p2, h2s) 

s2s = s1 

 

Ed = T0 * (s2 - s1) 



eta = (h1 - h2) / (h1 - h2s) 

eff = (h1 - h2) / ((h1 - h2) - T0 * (s1 - s2)) 

 

 IT Results for p2 = 50 lbf/in.
2
: 

 Ed  eff  eta  h2  h2s  s2 s2s 

 18.1  0.911  0.8799  1174  1149  1.659 1.625 

 Plots: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion: 

As expected, increased efficiency corresponds with decreased exergy destruction. 
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Problem 7.117 

 

Saturated water vapor at 500 lbf/in.
2
 enters an insulated turbine operating at steady state. A two 

phase liquid-vapor mixture exits at 0.4 lbf/in.
2
 Plot each of the following versus the steam quality 

at the turbine exit ranging from 75 to 100%: 

(a)  the power developed and the rate of exergy destruction, each in Btu per lb of steam flowing. 

(b)  the isentropic turbine efficiency. 

(c)  the exergetic turbine efficiency. 

 

Let T0 = 70°F, p0 = 1 atm. Ignore the effects of motion and gravity. 

 

Known:  

Steady-state operating data are provided for a steam turbine. 

 

Find:  

Plot versus the steam quality at the turbine exit: (a) the power developed and rate of exergy 

destruction, each per unit mass of steam flowing, (b) the isentropic turbine efficiency, and (c) the 

exergetic turbine efficiency. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state.  

(2) For the control volume,  ̇     and kinetic and potential energy effects are negligible. 

(3) For the environment, T0 = 530°R, p0 = 1 atm. 

 

Analysis: 

Reducing mass, energy, and entropy balances gives: 

 ̇  

 ̇
                                                                                                   

 ̇ 

 ̇
   

 ̇  

 ̇
                                                                                  

 

h1 and s1 are fixed by p1, saturated vapor. h2 and s2 are fixed by p2, x2. Using Eq. 6.46, 

1 2

Saturated Vapor
p1 = 500 lbf/in.2

p2 = 0.4 lbf/in.2

x2

p2 = 0.4 lbf/in.2
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Where h2s is fixed by p2, s2s = s1. Then, with Eq. 7.24: 

  

 ̇  

 ̇
       

 
     

               
                                              

 

Sample calculation: 

x2 = 0.81. From Table A-3E,          
   

  
          

   

     
  and: 

                                       
   

  
 

                                        
   

     
 

 

With       : 

    
      

     
 

             

      
         

                                 
   

  
 

 

Then, we get from Eqs. (1), (2), (3), and (4), respectively: 
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Data required for the plots are obtained with the following IT code: 

 

IT Code: 

p1 = 500 // lbf/in.^2 

x1 = 1 

x2 = 0.81 

p2 = 0.4 //lbf/in.^2 

T0 = 70 + 460 // R 

 

h1 = hsat_Px("Water/Steam", p1, x1) 

s1 = ssat_Px("Water/Steam", p1, x1) 

h2 = hsat_Px("Water/Steam", p2, x2) 

s2 = ssat_Px("Water/Steam", p2, x2)   

1#



s2s = s_Ph("Water/Steam", p2, h2s) 

s2s = s1 

 

Wcv = h1-h2 

Ed = T0 * (s2 - s1) 

eta = (h1 - h2) / (h1 - h2s) 

eff = (h1 - h2) / ((h1 - h2) - T0 * (s1 - s2)) 

 

IT Results for p2 = 50 lbf/in.
2
: 

Ed  eff  eta  h2  h2s  s2  s2s 

114.4  0.7317  0.7307  893.1  778.1  1.68  1.464 

  

Plots: 

 

Discussion: 

As expected, increased exergy destruction corresponds with decreased power output and 

efficiency. 

 

Comment: 

1. In this case the numerical value for  and t for each x2 are nearly the same, but this is not 

observed generally. 
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Problem 7.118   
 

Oxygen enters an insulated turbine operating at steady state at 900°C and 3 MPa and exhausts at 

400 kPa. The mass flow rate is 0.75 kg/s. Plot each of the following versus the turbine exit 

temperature, in °C: 

(a)  the power developed, in kW. 

(b)  the rate of exergy destruction in the turbine, in kW. 

(c)  the exergetic turbine efficiency. 

 

For oxygen, use the ideal gas model with k = 1.395. Ignore the effects of motion and gravity. Let 

T0 = 30°C, p0 = 1 bar.  

 

Known:  

Steady-state operating data are provided for a turbine through which oxygen is expanding. 

 

Find:  

Plot versus the turbine exit temperature, (a) the power developed, (b) the rate of exergy 

destruction, and (c) the exergetic turbine efficiency. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The control volume shown in the schematic is at steady state.  

(2) For the control volume,  ̇     and kinetic and potential energy effects are negligible. 

(3) Oxygen is modeled as an ideal gas with k = 1.395 which corresponds to cp = 0.918 (Table A-

20). 

(4) For the environment, T0 = 30° C = 303 K, p0 = 1 bar. 

 

Analysis: 

Reducing mass, energy, and entropy balances together with ideal gas model relations for cp 

constant: 
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1 2

Oxygen
p1 = 3 MPa
T1 = 900 C
ṁ = 0.75 kg/s

p2 = 400 kPa = 0.4 MPa
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0.4 MPa

No Power
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Observe that T2 can range from T2s, corresponding to an isentropic expansion, to T2 = T1, 

corresponding to no power development. With Eq. 6.43: 

      (
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 (      ) (
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So, 663 K < T2 < 1173 K 

 

The data for the plots are obtained using IT as follows: 

 

IT Code: 

p1 = 3 // MPa 

T1 = 900 + 273 // K 

p2 = 0.4 // MPa 

T2 = 664 // K 

T0 = 20 + 273 // K 

mdot = 0.75 // kg/s 

cp = 0.9177 

R = 8.314 / 32 // kJ/kg K 

 

Wdot = mdot * cp * (T1 - T2) 

delta_s = cp * ln(T2 / T1) - R * ln(p2 / p1) 

Edot = T0 * delta_s 

eff = Wdot / (Wdot + Edot) 

 

IT Results for p2 = 50 lbf/in.
2
: 

delta_s  Edot  eff  Wdot 

0.001291 0.3783  0.9989  350.3 

  

Plots: 
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Problem 7.122   
 

Saturated water vapor at 400 lbf/in.
2
 enters an insulated turbine operating at steady state. At the 

turbine exit the pressure is 0.6 lbf/in.
2
 The work developed equals 306 Btu per pound of steam 

passing through the turbine. Kinetic and potential energy effects can be neglected. Let T0 = 60°F, 

p0 = 1 atm. Determine: 

(a)  the exergy destruction rate, in Btu per pound of steam expanding through the turbine. 

(b)  the isentropic turbine efficiency. 

(c)  the exergetic turbine efficiency. 

 

Known:  

Operating data are provided for a steam turbine at steady state. 

 

Find:  

(a) Determine the exergy destruction rate per pound of steam flowing, (b) the isentropic turbine 

efficiency, and (c) the exergetic turbine efficiency. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The turbine operates at steady state and is insulated. 

(2) Kinetic and potential energy effects can be neglected. 

(3) For the environment, T0 = 60°F, p0 = 1 atm. 

 

Analysis: 

(a) The exergy destruction rate is  ̇     ̇   where  ̇   is the rate of entropy production. 

With stated assumptions, the entropy rate balance reduces to: 

 ̇    ̇(     )  
 ̇ 
 ̇
   (     ) 

 

From Table A-4E:           
   

  
          

   

     
. To fix state 2, use mass and 

energy rate balances to write 
 ̇  

 ̇
      . Thus: 
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Saturated Vapor
p1 = 400 lbf/in.2

p2 = 0.6 lbf/in.2
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                   (      )(      )       
   

     
 

Finally: 

 ̇ 
 ̇
 (     )(            )

   

     
     

   

  
 

 

(b) The isentropic turbine efficiency is: 

   
     
      

 

 

To find h2s, use s2s = s1 to write: 

 

    
      

   
 
             

      
        

So: 

                    (      )(      )       
   

  
 

Accordingly: 

   
   

            
 
   

     
             

 

(c) The exergetic turbine efficiency is given by Eq. 7.24 

  

 ̇  
 ̇

       
 

 ̇  
 ̇

        (     )
 

   

        
             

 

 























Problem 7.127   
 

Refrigerant 134a enters a counterflow heat exchanger operating at steady state at -32°C and a 

quality of 40% and exits as saturated vapor at -32°C. Air enters as a separate stream with a mass 

flow rate of 5 kg/s and is cooled at a constant pressure of 1 bar from 300 to 250 K. Heat transfer 

between the heat exchanger and its surroundings can be ignored, as can the effects of motion and 

gravity. 

(a)  As in Fig. E7.6, sketch the variation with position of the temperature of each stream. Locate 

T0 on the sketch. 

(b)  Determine the rate of exergy destruction within the heat exchanger, in kW. 

(c)  Devise and evaluate an exergetic efficiency for the heat exchanger. 

 

Let T0 = 300 K, p0 = 1 bar. 

 

Known:  

Steady-state operating data are provided for a counterflow heat exchanger. 

 

Find:  

(a) Sketch the variation of the temperature of each stream with position. Locate T0. (b) 

Determine the rate of exergy destruction. (c) Devise and evaluate exergetic efficiency. 

 

Schematic and Known Data:  

 

  

p

T

Dead State

4 3

The exergy of 
air increases.

  

T

R-134a1
2

241 K

 

3

300 K

Air

4

250 K
 

T0 = 300 K

T

●

s

T0

1

0●

●

2

Dead State

The exergy of R-134a decreases.

1 bar

0.7704 bar

2

3

1

4

T1 = -32 C
x1 = 40%

R-134a

Air
T4 = 250 K
p4 = 1 bar

T2 = -32 C
Saturated 
vapor

T3 = 300 K
p3 = 1 bar
m ̇3 = 5 kg/s



Engineering Model: 

(1) The control volume shown in the schematic is at steady state.  

(2) For the control volume,  ̇     and kinetic and potential energy effects are negligible. 

(3) Air is modeled as an ideal gas. 

(4) For the environment, T0 = 300 K, p0 = 1 atm. 

 

Analysis: 

 

The refrigerant mass flow rate can be found by reducing mass and energy rate balances: 

   ̇  ⏟
  

  ̇  ⏟
  

  ̇ (     )   ̇ (     ) 

 

With data from Tables A-10 and A-22: 

 ̇   ̇ 

     
     

 ( 
  

 
)

             

             ⏟    
         (      )

      
  

 
 

 

(a) The solution to part (a) can be seen in the above provided schematics.  

 

(b) The rate of exergy destruction can be determined by reducing an exergy rate balance: 

  ∑ [  
  

  
]  ̇ ⏟
  

  ̇  ⏟
  

  ̇ (       )   ̇ (       )   ̇ , rearranging 
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(c) Since the air is brought at constant pressure from the dead state to a lower temperature, 

its exergy increases in the process. The state of the R-134a is brought closer to the dead 

state, so its exergy decreases. These points are confirmed by the calculation of part (b) 

that show; 

 ̇ (       )                ̇ (       )           

 

Thus, the colder refrigerant provides the exergy that is either transferred to the warmer air 

or is destroyed by irreversibilities within the control volume. 1#



  
 ̇ (       )

 ̇ (       )
 
    

     
              

Comment: 

1. Since the streams are each below T0, this expression is formulated differently than Eq. 7.27, 

which regards the cold stream as receiving exergy from the hot stream. When heat transfer 

occurs below T0, as in the present case, the accompanying exergy transfer is oppositely 

directed. This can be seen from study of Eq. 7.15. In the present case, heat transfer occurs 

from the warmer air to the cooler refrigerant. Still, exergy transfer is from the refrigerant to 

the air. Further, the exergy transferred from the refrigerant is accounted for by the exergy 

increase of the air and by the exergy destroyed within the heat exchanger owing to 

spontaneous heat transfer. 
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8.3  Steam is the working fluid in the ideal Rankine cycle 1-2-3-4-1 and in the Carnot cycle 1-

2-3′-4′-1 that both operate between pressures of 1.5 bar and 60 bar as shown in the T-s diagram 

in Fig. P8.3.  Both cycles incorporate the steady flow devices shown in Fig. 8.2.  For each cycle 

determine (a) the net power developed per unit mass of steam flowing, in kJ/kg, and (b) the 

thermal efficiency.  Compare results and comment. 

 

KNOWN:  An ideal Rankine cycle and a Carnot cycle operate between specified pressures of 

1.5 bar and 60 bar. 

 

FIND:  Determine for both cycles (a) the net power developed per unit mass of steam flowing, in 

kJ/kg, and (b) the thermal efficiency.  Compare results and comment. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

State 
p 

(bar) 

h 

(kJ/kg) 
x 

v 
(m

3
/kg) 

1 60 2784.3 1  

2 1.5 2180.6 0.7696  

3′ 1.5 1079.8 0.2752  

3 1.5 467.11 0 0.0010528 

4 60 473.27 --  

4′ 60 1213.4 0  

Fig. P8.3 

 

 

Ideal Rankine Cycle 

 

 

Carnot Cycle 

 

 
 

 

  

T

 

 

 

4

3
2

1

p = 1.5 bar

p = 60 bar

s

 

3′

4′
 

 

mW  /tTurbine

Cooling

water

2

Condenser

Pump

mW  /p

3

4

1Boiler

mQ  /in

p3 = p2 = 1.5 bar

x3 = 0 (saturated liquid)

p1 = 60 bar

x1 = 1 (saturated vapor)

p2 = 1.5 bar

p4 = p1 = 60 bar

mQ  /out

mW  /tTurbine

Cooling

water

2

Condenser

Pump

mW  /p

3′

4′

1Boiler

mQ  /in

p3′ = p2 = 1.5 bar

p1 = 60 bar

x1 = 1 (saturated vapor)

p2 = 1.5 bar

p4′ = p1 = 60 bar

x4′ = 0 (saturated liquid) mQ  /out
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ENGINEERING MODEL: 

1. Each component of both cycles is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. For both cycles, all processes of the working fluid are internally reversible. 

3. The turbine and pump operate adiabatically for both cycles. 

4. Kinetic and potential energy effects are negligible for both cycles. 

5. Saturated vapor enters the turbine for both cycles.   

6. Condensate exits the condenser as saturated liquid for the ideal Rankine cycle. 

7. Water exits the pump as saturated liquid for the Carnot cycle. 

 

ANALYSIS: 

(a) The net power developed by the cycle per unit mass of steam flowing is given for both cycles 

by 

m

W

m

W

m

W












ptcycle

  

 

Mass and energy rate balances for control volumes around the turbine for both cycles give 

 

21
t hh

m

W





 

 

where m is the mass flow rate of the steam.   

 

Mass and energy rate balances for control volumes around the pump for the Rankine cycle and 

the Carnot cycle, respectively, give 

 

Rankine cycle:  34
p

hh
m

W





 

 

Carnot cycle:  '3'4
p

hh
m

W





 

 

 

Solving for the net power developed per unit mass of steam flowing for each cycle yields 

 

Rankine cycle:   

)()( 3421
cycle

hhhh
m

W





 

 

kg

kJ
)11.46727.473(

kg

kJ
)6.21803.2784(

cycle


m

W




= 597.5 kJ/kg 
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Carnot cycle:   

)()( '3'421
cycle

hhhh
m

W





 

 

kg

kJ
)8.10794.1213(

kg

kJ
)6.21803.2784(

cycle


m

W




= 470.1 kJ/kg    (1) 

 

(b) The thermal efficiency is given by  

 

mQ

mW





/

/

in

cycle
  

 

Mass and energy rate balances for control volumes around the boiler for the Rankine cycle and 

the Carnot cycle, respectively, give 

 

Rankine cycle:   

41
in hh

m

Q





 

 

kg

kJ
)27.4733.2784(in 

m

Q




= 2311.0 kJ/kg 

   

Carnot cycle:   

'41
in hh

m

Q





 

 

kg

kJ
)4.12133.2784(in 

m

Q




= 1570.9 kJ/kg 

 

 

The thermal efficiency for each cycle is then 

 

Rankine cycle:   

kW 0.2311

kW 5.597

in

cycle


Q

W




 = 0.2585 (25.85%) 

 

Carnot cycle:   

kW 9.1570

kW 1.470

in

cycle


Q

W




 = 0.2993 (29.93%)      (2) 
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Note (1):  For an ideal cycle, the enclosed area on the T-s diagram represents the net power 

developed per unit of mass flowing.  By inspection of Fig. P8.3, the Rankine cycle enclosed area 

1-2-3-4-1 is greater than the Carnot cycle enclosed area 1-2-3’-4’-1 and thus the Rankine cycle 

has the greater net power per unit mass flowing. See Sec. 8.2.2 for discussion. 

 Although the turbine produces the same power per unit mass of steam flowing in both cycles, 

the Carnot cycle pump requires more power input per unit mass of steam flowing (for it is a 

liquid-vapor mixture) than the pump in the Rankine cycle (for it is a liquid only) to achieve the 

same pressure increase. 

 

Note (2):  For an ideal cycle, the thermal efficiency tends to increase as the average temperature 

at which energy is added by heat transfer increases (see discussion in the box of Sec. 8.2.3).  By 

inspection of Fig. P8.3, the Carnot cycle has the higher average temperature at which energy is 

added by heat addition and thus the greater thermal efficiency.   

 Although it produces more power per unit mass of steam flowing, the Rankine cycle requires 

a greater rate of heat transfer into the cycle since energy input is required to raise the temperature 

of the liquid exiting the pump to the saturation temperature as well as to achieve phase change 

from saturated liquid to saturated vapor.  The Carnot cycle requires a lower rate of heat transfer 

into the cycle, since energy input is required only to achieve phase change from saturated liquid 

to saturated vapor. 











8.6  A Carnot vapor power cycle operates with water as the working fluid.  Saturated liquid 

enters the boiler at 1800 lbf/in.
2
, and saturated vapor enters the turbine (State 1).   The 

condenser pressure is 1.2 lbf/in.
2
  The mass flow rate of steam is 1 x 10

6
 lb/h.  Data at key 

points in the cycle are provided in Fig. P8.6. Determine 

(a) the thermal efficiency. 

(b) the back work ratio. 

(c) the net power developed, in Btu/h. 

(d) the rate of heat transfer to the working fluid passing through the boiler, in Btu/h. 

 

State p (lbf/in.
2
) h (Btu/lb) 

1 1800 1150.4 

2 1.2 734.4 

3 1.2 840.9 

4 1800 648.3 

 

Fig. P8.6 

 

KNOWN:  Water is the working fluid in a Carnot vapor power cycle.  Data are given at key 

state points in the cycle, and the mass flow rate of steam is known.   

 

 

FIND:  Determine (a) the thermal efficiency, (b) the back work ratio, (c) the net power 

developed, and (d) the rate of heat transfer to the working fluid passing through the boiler. 

 

SCHEMATIC AND GIVEN DATA: 

 

State p (lbf/in.
2
) h (Btu/lb) 

1 1800 1150.4 

2 1.2 734.4 

3 1.2 840.9 

4 1800 648.3 

 

 = 1 x 10
6
 lb/h 

p1 = p4 = pboiler = 1800 lbf/in.
2
 

p2 = p3 = pcondenser = 1.2 lbf/in.
2

  

 

See Cycle 1-2-3’-4’ of  Fig. 8.5 for a diagram of the cycle. 

 

ENGINEERING MODEL: 

(1)  Each component is analyzed as a control volume at steady state.   

(2) All processes of the working fluid are internally reversible 

(3) The turbine and pump operate adiabatically 

(4) Kinetic and potential energy effects are negligible. 

 

ANALYSIS:   



 

The specific enthalpy at each of the principle states is given.  The temperatures of the boiler and 

condenser are the saturation temperatures corresponding to the respective pressures.  From 

Table A-3E 

 

T1 = TH = 621.21 
o
F = 1080.88 

o
R 

T2 = TC = 107.88 
o
F = 567.55 

o
R 

 

(a) To find the thermal efficiency, use the boiler and condenser temperatures with the expression 

for the Carnot cycle thermal efficiency, as follows: 

 

  

 

(b)  The back work ratio is 

 

  

 

(c) The net power developed is  

 

  

lb

Btu
)]0.4723.648()7.7354.1150[(

h

lb
101 6

cycle 







W = 238.4×10

8
 Btu/h 

 

(d)  The rate of heat transfer to the working fluid passing through the boiler is 

 

lb

Btu
)3.6484.1150(

h

lb
101)( 6

41in 







 hhmQ  = 502.1×10

8
 Btu/h 

   

The thermal efficiency can be calculated alternatively as 

 

  

 

which is identical to the result of part (a), as expected. 
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8.11  Plot each of the quantities calculated in Problem 8.10 versus condenser pressure ranging 

from 0.3 lbf/in.
2
 to 14.7 lbf/in.

2
  Maintain constant net power output.  Discuss. 

______________________________________________________________________________ 

 

IT Code 
/* 
Problem 8.10 
 
KNOWN:  Water is working fluid in an ideal Rankine cycle.  Data are given in Problem 8.10. 
 
FIND:  Plot each of the quantities calculated in Problem 8.10 versus condenser pressure ranging from 0.3 
to 14.7 lbf/in^2.  Maintain constant net power output. 
 
SCHEMATIC AND GIVEN DATA:  See solution to Problem 8.10. 
 
ENGINEERING MODEL:   
1.  Each component is analyzed as a control volume at steady state. 
2.  All processes of the working fluid are internally reversible. 
3.  The turbine and pump operate adiabatically. 
4.  Kinetic and potential energy effects are negligible. 
5.  Condensate exits the condenser as saturated liquid. 
6.  There is no heat transfer between the outside of the condenser and the surroundings. 
 
*/ 
 
p1 = 1400 // lbf/in^2 
T1 = 1000 // deg F 
p2 = 2 // lbf/in^2 
p3 = p2 
x3 = 0 
p4 = p1 
Wdotcycle = 1.0E09 // Btu/h 
Twin = 60 // deg F 
Twout = 76 // deg F 
 
h1 = h_PT("Water/Steam", p1, T1) // Btu/lb 
s1 = s_PT("Water/Steam", p1, T1) // Btu/(lb*deg R) 
s2 = s1 // Btu/(lb * deg R) 
h2 = h_Ps("Water/Steam", p2, s2) // Btu/lb 
h3 = hsat_Px("Water/Steam", p3, x3) // Btu/lb 
v3 = vsat_Px("Water/Steam", p3, x3) // ft^3/lb 
h4 = h3 + v3 * (p4 - p3) * (144/778.17) // BTU/lb 
pwin = Psat_T("Water/Steam", Twin) // lbf/in^2 
hwin = hsat_Px("Water/Steam", pwin, 0) // Btu/lb 
pwout = Psat_T("Water/Steam", Twout) // lbf/in^2 
hwout = hsat_Px("Water/Steam", pwout, 0) // Btu/lb 
 
mdot = Wdotcycle / ((h1 - h2) - (h4 - h3)) // lb/h 
Wdott = mdot * (h1 - h2) // Btu/h 
Wdotp = mdot * (h4 - h3) // Btu/h 
 
Qdotin = mdot * (h1 - h4) // Btu/h 
eta = Wdotcycle/Qdotin 
mdotw = (mdot * (h2 - h3))/(hwout - hwin) // lb/h 
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Problem 8.11 (Continued) – Page 2 

 

IT Results for p2 = 2 lbf/in.
2
 

 

eta 0.3979 

h1 1493 

h2 934.1 

h3 94.12 

h4 98.32 

hwin 27.63 

hwout 43.67 

mdot 1.80E+06 

mdotw 9.43E+07 

p3 2 

p4 1400 

pwin 0.2563 

pwout 0.4446 

Qdotin 2.51E+09 

s1 1.609 

s2 1.609 

v3 0.01623 

Wdotp 7.57E+06 

Wdott 1.01E+09 

p1 1400 

p2 2 

T1 1000 

Twin 60 

Twout 76 

Wdotcycle 1.00E+09 

x3 0 

 

The results compare favorably with those of Problem 8.10.
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Problem 8.11 (Continued) – Page 3 

 

Plots 

 

  

  
 

Discussion 

The plots indicate that as condenser pressure is increased while maintaining constant net power 

output: steam mass flow rate increases, heat transfer rate into the cycle increases, and cycle 

thermal efficiency decreases.  As thermal efficiency decreases with increasing condenser 

pressure, the rate energy is rejected by the condenser must increase, as evidenced by the 

increasing cooling water flow rate. 

 

From a practical standpoint, reducing condenser pressure while maintaining constant net power 

output is desirable since steam mass flow rate decreases, heat transfer rate into the cycle 

decreases, and cycle thermal efficiency increases.  Since less energy is rejected in the condenser 

at lower condenser pressure, required cooling water mass flow rate is reduced. 
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8.12  A nuclear power plant based on the Rankine cycle operates with a boiling-water reactor to 

develop net cycle power of 3 MW.  Steam exits the reactor core at 100 bar, 520
o
C and expands 

through the turbine to the condenser pressure of 1 bar.  Saturated liquid exits the condenser and 

is pumped to the reactor pressure of 100 bar.  Isentropic efficiencies of the turbine and pump are 

81% and 78%, respectively.  Cooling water enters the condenser at 15
o
C with a mass flow rate of 

114.79 kg/s.  Determine 

(a) the thermal efficiency. 

(b) the temperature of the cooling water exiting the condenser, in 
o
C. 

 

KNOWN:  A nuclear power plant based on the Rankine cycle operates with a boiling-water 

reactor between specified pressures of 100 bar and 1 bar to produce 3 MW of net power. 

 

FIND:  Determine (a) the thermal efficiency and (b) the temperature of the cooling water exiting 

the condenser, in 
o
C. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. Flow through the reactor core and condenser occurs at constant pressure. 

3. Stray heat transfer in the turbine, condenser, and pump is ignored. 

4. Kinetic and potential energy effects are negligible. 

5. Condensate exits the condenser as saturated liquid. 

6. For the cooling water, h ≈ hf(T). 

tWTurbine

Cooling water

2

Condenser

Pump

pW

3

4

1
inQ

p3 = p2 = 1 bar

x3 = 0 (saturated liquid)

p1 = 100 bar

T1 = 520oC

p2 = 1 bar

p4 = p1 = 100 bar outQ

T5 = 15oC

5

6

kg/s 79.114 watercooling m

Reactor

Core

MW 3cycle W
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ANALYSIS:  First fix each principal state. 

 

State 1:  p1 = 100 bar, T1 = 520
o
C → h1 = 3425.1 kJ/kg, s1 = 6.6622 kJ/kg∙K 

 

State 2s:  p2s = p2 = 1 bar, s2s = s1 = 6.6622 kJ/kg∙K → x2s = 0.8849, h2s = 2415.6 kJ/kg 

 

State 2:  p2 = 1 bar, h2 = 2607.4 kJ/kg (see below)  

 

kg

kJ
)6.24153425.1)(81.0(

kg

kJ
 3425.1)( 21t12

21

21
t 




 s

s

hhhh
hh

hh
 = 2607.4 kJ/kg 

 

State 3:  p3 = 1 bar, saturated liquid → h3 = hf3 = 417.46 kJ/kg, v3 = vf3 = 0.0010432 m
3
/kg 

 

State 4:  p4 = 100 bar, h4 = 430.70 kJ/kg (see below)  

 

p

343
34

34

343
p

)()(




pp
hh

hh

pp 







vv
 

 

mN 1000

kJ 1

kPa 1
m

N
1000

bar 1

kPa 100

78.0

bar )1100)(
kg

m
0010432.0(

kg

kJ
46.417

2

3

4




h = 430.70 kJ/kg 

State 5:  T5 = 15
o
C, liquid → h5 ≈ hf5 at T5 = 62.99 kJ/kg 

 

 

(a)  The thermal efficiency is  

 

)(

)()(

/

//

41

3421

in

pt

hh

hhhh

mQ

mWmW












  

 

Substituting enthalpy values and solving yield 

 

kJ/kg ).70430.13425(

kJ/kg )46.417.70430(kJ/kg )4.2607.13425(




 = 0.2687 (26.87%) 

 

(b)  The temperature of the cooling water exiting the condenser is determined by writing an 

energy balance for the condenser, solving for the specific enthalpy of the cooling water exiting 

the condenser, and finding the corresponding temperature for the specific enthalpy of the liquid 

in Table 2.  With no stray heat transfer with the surroundings and no work, the energy balance 

for the condenser reduces to 

 

)()(0 65cw32 hhmhhm    
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where m is the mass flow rate of the steam and cwm is the mass flow rate of the cooling water. 

Rearranging to solve for the specific enthalpy of the cooling water exiting the condenser, h6, 

gives 

cw

32
56

)(

m

hhm
hh



 
  

 

The mass flow rate of steam, ,m  is determined from the net cycle power  

 

)()(// 3421

cycle

pt

cycle

hhhh

W

mWmW

W
m












  

 

kW 1

kJ/s 1

kJ/kg )46.417.70430(kJ/kg )4.2607.13425(

kW 3000


m = 3.73 kg/s 

 

Solving for the specific enthalpy at the condenser exit gives 

 

kg/s 79.114

kJ/kg )46.417 4.2607(kg/s) 73.3(
kJ/kg 99.626


h = 134.15 kJ/kg 

 

Since the cooling water is liquid, h6 ≈ hf6 at T6.  From Table A-2, T6 ≈ 32
o
C. 













 1 

8.15  The ideal Rankine cycle 1-2-3-4-1 of problem 8.3 is modified to include the effects of 

irreversibilities in the adiabatic expansion and compression processes as shown in the T-s 

diagram in Fig. P8.15.  Let T0 = 300 K, p0 = 1 bar.  Determine 

(a) the isentropic turbine efficiency. 

(b) the rate of exergy destruction per unit mass of steam flowing in the turbine, in kJ/kg. 

(c) the isentropic pump efficiency. 

(d) the thermal efficiency. 

 

KNOWN:  A modified Rankine cycle that includes the effects of irreversibilities in the adiabatic 

expansion and compression processes operates between specified pressures of 1.5 bar and 60 bar. 

 

FIND:  Determine (a) the isentropic turbine efficiency, (b) the rate of exergy destruction per unit 

mass of steam flowing in the turbine, in kJ/kg, (c) the isentropic pump efficiency, and (d) the 

thermal efficiency. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

State 
p 

(bar) 

h 

(kJ/kg) 
x 

v 

(m
3
/kg) 

s 

(kJ/kg∙K) 

1 60 2784.3 1  5.8892 

2 1.5 2262.8 0.8065  6.1030 

3 1.5 467.11 0 0.0010528  

4 60 474.14 --   

Fig. P8.15 
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ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. Processes of the working fluid are internally reversible through the condenser and the boiler. 

3. The turbine and pump operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated vapor enters the turbine.  Condensate exits the condenser as saturated liquid. 

6. T0 = 300 K, p0 = 1 bar. 

 

ANALYSIS: 

 

(a) The turbine isentropic efficiency is given by 

 

s21

21

st

t
t

)/(

)/(

hh

hh

mW

mW









  

 

State 2s corresponds to the exit state for isentropic expansion to the turbine exhaust pressure, 

which is the same as State 2 in Problem 8.3:  h2s=2180.6 kJ/kg.  Substituting values and solving 

give 

 

kJ/kg)6.21803.2784(

kJ/kg)8.22623.2784(
t




 = 0.8638 (86.38%) 

 

 

(b) The rate of exergy destruction per unit mass of steam flowing in the turbine is given by 

 











b

cv
1200d )(

T

Q
ssmTT


 E  

 

Since the turbine is adiabatic, the rate of heat transfer term cancels and the rate of exergy 

destruction per unit mass of steam flowing in the turbine is given by 

 

)( 120
d ssT

m




E
 

 

Substituting values and solving give 

 

 
Kkg

kJ
8892.51030.6K) 300(d




m

E
= 64.14 kJ/kg 

 

(c) The isentropic pump efficiency is given by Eq. 8.10b  
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Substituting values and solving give 

 

mN 1000

kJ 1

bar 1
m

N
10

kJ/kg)11.46714.474(

bar)5.160(
kg

m
0010528.0

2
5

3

p




 = 0.8761 (87.61%) 

 

(d) The thermal efficiency is  
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)()(

/

//

41
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pt

hh

hhhh

mQ

mWmW












  

 

Substituting enthalpy values and solving yield 

 

kJ/kg )4.1447784.32(

kJ/kg )11.4674.1447(kJ/kg )8.2262784.32(




 = 0.2227 (22.27%)          (1) 

 

Note (1):  The effects of irreversibilities in the adiabatic expansion and compression processes 

result in lower cycle thermal efficiency (22.27%) compared to the thermal efficiency of the ideal 

Rankine cycle (25.85%) in Problem 8.3.   
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8.16 Steam enters the turbine of a simple vapor power plant with a pressure of 12 MPa and a 

temperature of 600
o
C and expands adiabatically to condenser pressure, p.  Saturated liquid exits 

the condenser at pressure p.  The isentropic efficiency of both the turbine and the pump is 84%. 

(a) For p = 30 kPa, determine the turbine exit quality and the cycle thermal efficiency. 

(b) Plot the quantities of part (a) versus p ranging from 6 kPa to 100 kPa. 

 

KNOWN:  Water is the working fluid in a simple vapor power plant.  Data are given at various 

states in the cycle.  The condenser pressure is p. 

 

FIND:  (a) For p = 30 kPa, determine the turbine exit quality and the cycle thermal efficiency, 

(b) plot the quantities of part (a) versus p ranging from 6 kPa to 100 kPa. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. Flow through the boiler and condenser occurs at constant pressure. 

3. Stray heat transfer in the turbine, condenser, and pump is ignored. 

4. Kinetic and potential energy effects are negligible. 

5. Condensate exits the condenser as saturated liquid. 

 

ANALYSIS:  First fix each principal state with p2 = 30 kPa. 

 

State 1:  p1 = 12 MPa (120 bar), T1 = 600
o
C → h1 = 3608.3 kJ/kg, s1 = 6.8037 kJ/kg∙K 

 

State 2s:  p2s = p2 = 30 kPa (0.3 bar), s2s = s1 = 6. 8037 kJ/kg∙K → x2s = 0.8586,  

h2s = 2295.0 kJ/kg 

 

State 2:  p2 = 30 kPa (0.3 bar), h2 = 2505.1 kJ/kg (see below)  
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hh
hh = 2505.1 kJ/kg 

 

State 3:  p3 = 30 kPa (0.3 bar), saturated liquid → h3 = hf3 = 289.23 kJ/kg,  

v3 = vf3 = 0.0010223 m
3
/kg,  

 

State 4:  p4 = p1 = 12 MPa (120 bar), h4 = 303.80 kJ/kg (see below) 
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mN 1000

kJ 1

kPa 1
m

N
1000

84.0

kPa )3012000)(
kg

m
0010223.0(

kg

kJ
23.289

2

3

4




h = 303.80 kJ/kg 

 

(a) The turbine exit quality, x2, is 

 

2fg

2f2
2

h

hh
x


  

 

Substituting values from Table 3, hf2 = 289.23 kJ/kg and hfg2 = 2336.1 kJ/kg, gives 

 

kJ/kg 2336.1

kJ/kg )23.289 .15052(
2


x = 0.9485 (94.85%) 

 

The thermal efficiency is  

 

)(

)()(

/

//

41

3421

in

pt

hh

hhhh

mQ

mWmW












h  

 

Substituting enthalpy values and solving yield 

 

kJ/kg ).803033608.3(

kJ/kg )23.289.80303(kJ/kg )1.2505 3608.3(




h = 0.3294 (32.94%) 
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The data for the required plots are obtained using IT as follows: 

 

IT Code IT Results for p2 = 30 kPa 
p1 = 12000 // kPa 
T1 = 600 // oC 
p2 = 30 // kPa 
eff_t = 0.84 
eff_p = 0.84 
p3 = p2 
x3 = 0 
p4 = p1 
 
h1 = h_PT("Water/Steam", p1, T1) 
s1 = s_PT("Water/Steam", p1, T1) 
 
s2s = s1 
p2s = p2 
h2s = h_Ps("Water/Steam", p2s, s2s)  
 
h2 = h1 - eff_t*(h1 - h2s) 
x2 = x_hP("Water/Steam", h2, p2)  
 
h3 = hsat_Px("Water/Steam", p3, x3) 
v3 = vsat_Px("Water/Steam", p3, x3)  
 
h4 = h3 + (v3*(p4 - p3))/eff_p 
 
eta = ((h1 - h2) - (h4 - h3))/(h1 - h4) 

eta 0.3295 
h1 3608 
h2 2505 
h2s 2295 
h3 289.9 
h4 304.5 
p2s 30 
p3 30 
p4 1.2E4 
s1 6.803 
s2s 6.803 
v3 0.001022 
x2 0.9486 
eff_p 0.84 
eff_t 0.84 
p1 1.2E4 
p2 30 
T1 600 
x3 0 

 

 

IT results are consistent with the calculations in part (a). 

 

Plots: 

  
 

From the T-s diagram, we see that within the range of pressures considered the working fluid 

is a liquid-vapor mixture (0 ≤ x ≤ 1) and as p2 increases, points 2s and 2 move to the right.  

Thus, x2 increases as indicated in the plot above.  Further as p2 increases, the average 

temperature of heat rejection increases, lowering thermal efficiency.  Thus, h decreases as 

indicated in the plot above. 
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8.25 Superheated steam at 20 MPa, 560
o
C enters the turbine of a vapor power plant.  The 

pressure at the exit of the turbine is 0.5 bar, and liquid leaves the condenser at 0.4 bar at 75
o
C. 

The pressure is increased to 20.1 MPa across the pump.  The turbine and pump have isentropic 

efficiencies of 81 and 85%, respectively.  Cooling water enters the condenser at 20
o
C with a 

mass flow rate of 70.7 kg/s and exits the condenser at 38
o
C.  For the cycle, determine 

(a) the mass flow rate of steam, in kg/s. 

(b) the thermal efficiency. 

 

KNOWN:  Water is the working fluid in a vapor power plant.  Data are given at various states in 

the cycle.   

 

FIND:  (a) the mass flow rate of steam, in kg/s and (b) the thermal efficiency. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. Stray heat transfer in the turbine, condenser, and pump is ignored. 

3. Kinetic and potential energy effects are negligible. 

 

ANALYSIS:  First fix each principal state. 

 

State 1:  p1 = 20 MPa (200 bar), T1 = 560
o
C → h1 = 3423.0 kJ/kg, s1 = 6.3705 kJ/kg∙K 

 

State 2s:  p2s = p2 = 0.5 bar, s2s = s1 = 6.3705 kJ/kg∙K → x2s = 0.8119, h2s = 2212.2 kJ/kg 

 

State 2:  p2 = 0.5 bar, h2 = 2442.3 kJ/kg (see below)  
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hh
hh = 2442.3 kJ/kg 

 

State 3:  p3 = 0.4 bar, T3 = 75
o
C → From Table A-2 p3 > psat @ 75

o
C.  Thus, state 3 is a sub-

cooled liquid state.  Since the pressure is low, h3 ≈ hf3 at 75
o
C = 313.93 kJ/kg,  

v3 ≈ vf3 at 75
o
C = 0.0010259 m

3
/kg 

 

State 4:  p4 = 20.1 MPa (201 bar), h4 = 338.14 kJ/kg (see below) 
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kJ 1
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h = 338.14 kJ/kg 

 

State 5:  T5 = 20
o
C, liquid → h5 ≈ hf5 at 20

o
C = 83.96 kJ/kg 

 

State 6:  T6 = 38
o
C, liquid → h6 ≈ hf6 at 38

o
C = 159.21 kJ/kg 

 

(a)  The mass flow rate of the steam can be determined by writing an energy balance for the 

condenser.  With no stray heat transfer with the surroundings and no work, the energy balance 

for the condenser reduces to 

 

)()(0 65cw32 hhmhhm    

 

where m is the mass flow rate of the steam and cwm is the mass flow rate of the cooling water. 

Rearranging to solve for the mass flow rate of steam gives 

 

)(

)(

32

56cw

hh

hhm
m







  

 

Substituting values and solving give  

 

 

kJ/kg )93.313.32442(

kJ/kg )96.83.21159(kg/s) 0.77(




m = 2.50 kg/s 

 

(b)  The thermal efficiency is  
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Substituting enthalpy values and solving yield 

 

kJ/kg ).143383423.0(

kJ/kg )93.313.14338(kJ/kg )3.2442 3423.0(




h = 0.3101 (31.01%) 
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8.26 In the preliminary design of a power plant, water is chosen as the working fluid.  It is 

determined that the turbine inlet temperature and pressure should be 560
o
C and 12,000 kPa, 

respectively.  The quality of steam exiting the turbine should be at least 90%.  If the isentropic 

turbine efficiency is 84%, determine the minimum condenser pressure allowable, in kPa. 

 

KNOWN:  Turbine inlet temperature and pressure and exit quality are specified in the 

preliminary design of a vapor power plant with water as the working fluid.  The isentropic 

turbine efficiency is also known.   

 

FIND:  the minimum allowable condenser pressure, in kPa. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 
ENGINEERING MODEL: 

1. The control volume is at steady state.   

2. The turbine operates adiabatically. 

3. Kinetic and potential energy effects are negligible. 

4. At the turbine exit the water is a two-phase liquid-vapor mixture whose quality is at least 

90%. 

 

ANALYSIS:  For fixed turbine inlet temperature and pressure, the values of specific enthalpy 

and specific entropy can be determined. 

 

State 1:  p1 = 12,000 kPa, T1 = 560
o
C → h1 = 3506.2 kJ/kg, s1 = 6.6840 kJ/kg∙K 

 

A trial and error procedure can be used to determine p2 corresponding to x2 = 90% using table 

data.  Assume a value for p2, calculate x2 using the isentropic turbine efficiency as follows: 

 

State 2s:  p2s = p2 = assumed value, s2s = s1 = 6.6840 kJ/kg∙K → Solve for x2s and then h2s  

 

State 2:  Solve for h2 as using isentropic turbine efficiency shown below  

 

tWTurbine
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p1 = 12,000 kPa

T1 = 560oC

T

 

2

1

p2 = ?
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 hh  

 

Next calculate x2 using p2 and h2.  Compare results.  If the calculated value of x2 is less than 

90%, select a higher pressure for p2.  If the calculated value for x2 is greater than 90% select a 

lower pressure for p2. 

 

For instance, assume p2 = 10 kPa.   

 

Now calculate h2 using the isentropic turbine efficiency. 

 

State 2s:  p2s = p2 = 10 kPa, s2s = s1 = 6.6840 kJ/kg∙K → x2s = 0.8045, h2s = 2116.8 kJ/kg  

   

kg

kJ
)8.21162.3506)(84.0(

kg

kJ
2.3506)( 21t12  shhhh h = 2339.1 kJ/kg. 

State 2:  p2 = 10 kPa, h2 = 2339.1 kJ/kg → x2 = 0.8974  

 

Since 0.8974 < 0.9, the next assumed pressure value should be higher.  Continue this process 

until the calculated x2 = 0.9. 

 

Alternatively, the following IT code can be used to automatically converge values for h2 to 

determine p2 = 11.08 kPa. 

 

IT Code IT Results 
T1 = 560 // oC 
p1 = 12000 // kPa 
eff_t = 0.84 
x2 = 0.9  
 
h1 = h_PT("Water/Steam", p1, T1)  
s1 = s_PT("Water/Steam", p1, T1) 
s2s = s1 
p2s = p2 
x2s = x_sP("Water/Steam", s2s, p2s) 
h2s = h_Ps("Water/Steam", p2s, s2s)  
h2 = h1 - eff_t*(h1 - h2s) 
x2_calc = x_hP("Water/Steam", h2, p2)  
x2_calc = x2 

h1 3506 
h2 2349 
h2s 2129 
p2 11.08 
p2s 11.08 
s1 6.683 
s2s 6.683 
x2_calc      0.9 
x2s 0.8077 
eff_t 0.84 
p1 1.2E4 
T1 560 
x2 0.9 

 

It is common practice to maintain at least 90% quality at the exit of a steam turbine to avoid 

undesirable effect. 
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8.27  Steam is the working fluid in the ideal reheat cycle shown in Fig. P8.27 together with 

operational data.  If the mass flow rate is 1.3 kg/s, determine the power developed by the cycle, 

in kW, and the cycle thermal efficiency. 

 

KNOWN:  An ideal reheat cycle operates with steam as the working fluid.  Operational data are 

provided. 

 

FIND:  Determine the power developed by the cycle, in kW, and the cycle thermal efficiency. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

State 
p 

(bar) 

T  

(
o
C) 

h  

(kJ/kg) 

1 140 520.0 3377.8 

2 15 201.2 2800.0 

3 15 428.9 3318.5 

4 1 99.63 2675.5 

5 1 99.63 417.46 

6 140  431.96 

Fig. P8.27 
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ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible. 

3. The turbine and pump operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Condensate exits the condenser as saturated liquid. 

 

ANALYSIS: 

 

The net power developed by the cycle is 

 

pt2t1cycle WWWW    

 

Mass and energy rate balances for control volumes around the two turbine stages and the pump 

give, respectively, 

    Turbine 1:  )( 21t1 hhmW    

    Turbine 2:  )( 43t2 hhmW    

    Pump:        )( 56p hhmW    

 

where m is the mass flow rate of the steam.  Solving for the net power developed by the cycle 

yields 

 

)]()()[( 564321cycle hhhhhhmW    
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cycleW = 1568.2 kW 

   

The thermal efficiency is  
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The total rate of heat transfer to the working fluid as it passes through the steam generator and 

reheater is determined using mass and energy rate balances as 

 

 )()( 2361in hhhhmQ    
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Solving for rate of heat transfer gives 

 

 
kJ/s 1

kW 1

kg

kJ
)0.28005.3318()96.4318.3377(

s

kg
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Q = 4503.6 kW 

 

The thermal efficiency is then 

 

kW 503.64

kW 568.21
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cycle


Q

W




 = 0.3482 (34.82%) 
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8.33  Steam heated at constant pressure in a steam generator enters the first stage of a 

supercritical reheat cycle at 28 MPa, 520
o
C.  Steam exiting the first-stage turbine at 6 MPa is 

reheated at constant pressure to 500
o
C.  Each turbine stage has an isentropic efficiency of 78% 

while the pump has an isentropic efficiency of 82%.  Saturated liquid exits the condenser that 

operates at constant pressure, p. 

(a) For p = 6 kPa, determine the quality of the steam exiting the second stage of the turbine and 

the thermal efficiency. 

(b) Plot the quantities of part (a) versus p ranging from 4 kPa to 70 kPa. 

 

KNOWN:  A supercritical reheat cycle operates with steam as the working fluid.   

 

FIND:  (a) For p = 6 kPa, determine the quality of the steam exiting the second stage of the 

turbine and the thermal efficiency, and (b) plot the quantities of part (a) versus p ranging from 4 

kPa to 70 kPa. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. For all components stray heat transfer is ignored. 

3. Flow through the steam generator, reheater, and condenser is at constant pressure. 

4. Kinetic and potential energy effects are negligible. 

 

ANALYSIS:  First fix each principal state. 

 

State 1:  p1 = 28 MPa, T1 = 520
o
C → h1 = 3192.3 kJ/kg, s1 = 5.9566 kJ/kg∙K 
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State 2s:  p2s = p2 = 6 MPa, s2s = s1 = 5.9566 kJ/kg∙K → h2s = 2822.2 kJ/kg 

 

State 2:  p2 = 6 MPa, h2 = 2903.6 kJ/kg (see below)  

 

kg

kJ
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hh
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State 3:  p3 = 6 MPa, T3 = 500
o
C → h3 = 3422.2 kJ/kg, s3 = 6.8803 kJ/kg∙K 

 

State 4s:  p4s = p4 = 6 kPa, s4s = s3 = 6.8803 kJ/kg∙K → x4s = 0.8143, h4s = 2118.8 kJ/kg 

 

State 4:  p4 = 6 MPa, h4 = 2405.5 kJ/kg (see below)  
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State 5:  p5 = 6 kPa, saturated liquid → h5 = hf5 = 151.53 kJ/kg, v5 = vf5 = 0.0010064 m
3
/kg  

 

State 6:  p6 = p1 = 28 MPa, h6 = 185.89 kJ/kg (see below) 
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h = 185.89 kJ/kg 

 

(a) The quality of the steam at the exit of the second stage of the turbine (state 4) is determined 

using values from Table A-4, hf4 = 151.53 kJ/kg and hfg4 = 2415.9 kJ/kg, as follows:  
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The cycle thermal efficiency is 
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Substituting enthalpy values and solving yield a thermal efficiency of 

 

kJ/kg )6.29032.3422(kJ/kg ).89185.33192(

kJ/kg )53.151.89185(kJ/kg )5.24052.3422(kJ/kg )6.2903.33192(




h  

 

h = 0.3606 (36.06%) 

 

(b) For p ranging from 4 kPa to 70 kPa, IT gives the following results: 

 

IT Code 
// Known Properties 
 
p1 = 28000 // kPa 
T1 = 520 // oC 
p6 = p1 
p3 = 6000 // kPa 
T3 = 500 // oC 
p2 = p3 
p2s = p2 
p4 = 6 // kPa 
p4s = p4 
p5 = p4 
x5 = 0 
 
// Known Operating Parameters 
eff_t1 = 0.78 
eff_t2 = 0.78 
eff_p = 0.82 
 
// Calculations for Quality at State 4 
 
h3 = h_PT("Water/Steam", p3, T3)  
s3 = s_PT("Water/Steam", p3, T3)   
s4s = s3 
h4s = h_Ps("Water/Steam", p4s, s4s)  
h4 = h3 - eff_t2*(h3 - h4s) 
x4 = x_hP("Water/Steam", h4, p4) 
 
// Calculations for Thermal Efficiency 
 
h1 = h_PT("Water/Steam", p1, T1)  
s1 = s_PT("Water/Steam", p1, T1)   
s2s = s1 
h2s = h_Ps("Water/Steam", p2s, s2s)  
h2 = h1 - eff_t1*(h1 - h2s) 
 
h5 = hsat_Px("Water/Steam", p5, x5)  
v5 = vsat_Px("Water/Steam", p5, x5)  
h6 = h5 + (v5*(p6 - p5)/eff_p) 
 
eff_thermal = ((h1 - h2) + (h3 - h4) - (h6 - h5))/((h1 - h6) + (h3 - h2)) 

IT Output for p4 = 6 kPa 
eff_thermal 0.3606 

h1 3192 
h2 2903 
h2s 2821 
h3 3422 
h4 2405 
h4s 2118 
h5 151 
h6 185.4 
p2 6000 
p2s 6000 
p4s 6 
p5 6 
p6 2.8E4 
s1 5.956 
s2s 5.956 
s3 6.879 
s4s 6.879 
v5 0.001007 
x4 0.933 
eff_p 0.82 
eff_t1 0.78 
eff_t2 0.78 
p1 2.8E4 
p3 6000 
p4 6 
T1 520 
T3 500 

            x5 0 
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Results from IT for p4 = 6 kPa correspond closely to the results obtained using steam tables 

and hand calculations. 

 

Graphical Results from IT are shown below: 

  
 

In general, as the condenser pressure increases the quality of the steam increases and the 

thermal efficiency decreases since the average temperature of heat rejection is higher.  As 

shown by the Quality versus Condenser Pressure Graph for the conditions of this problem, 

when the condenser pressure reaches approximately 70 kPa, the liquid-vapor mixture quality 

becomes 1.  Above this pressure steam is superheated vapor and the quality is not defined. 
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8.35  Steam is the working fluid in the vapor power cycle with reheat shown in Fig. P8.35 with 

operational data.  The mass flow rate is 2.3 kg/s, and the turbines and pump operate 

adiabatically.  Steam exits both turbine 1 and turbine 2 as saturated vapor.  If the reheat pressure 

is 15 bar, determine the power developed by the cycle, in kW, and the cycle thermal efficiency. 

 

KNOWN:  A vapor power cycle with reheat operates with steam as the working fluid.  

Operational data are provided. 

 

FIND:  Determine the power developed by the cycle, in kW, and the cycle thermal efficiency. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

State 

 

p 

(bar) 

 

h  

(kJ/kg) 

 

x  

 

1 160 3353.3 -- 

2 15 2792.2 1.0 

3 15 3169.2 -- 

4 1.5 2693.6 1.0 

5 1.5 467.11 0 

6 160 486.74 -- 

Fig. P8.35 

 

  

ENGINEERING MODEL: 

6
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Turbine
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3
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p3 = p2 = 15 barReheat
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1. Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The turbines and pump operate adiabatically. 

3. Kinetic and potential energy effects are negligible. 

 

ANALYSIS: 

 

The net power developed by the cycle is 

 

pt2t1cycle WWWW    

 

For a steam mass flow rate of kg/s, 2.3  m mass and energy rate balances for control volumes 

around Turbine 1, Turbine 2, and the pump give, respectively, 

 

 Turbine 1:  
kJ/s 1

kW 1

kg

kJ
)2.27923.3353(

s

kg
3.2)( 21t1 








 hhmW  = 1290.53 kW 

 

 Turbine 2:  
kJ/s 1

kW 1

kg

kJ
)6.26932.3169(

s

kg
3.2)( 43t2 








 hhmW  = 1093.88 kW 

 

 Pump:        
kJ/s 1

kW 1

kg

kJ
)11.46774.486(

s

kg
3.2)( 56p 








 hhmW  = 45.15 kW 

 

Substituting and solving for the net power developed by the cycle give 

 

kW 15.45kW 1093.88 kW 53.1290cycle W = 2339.3 kW 

 

The thermal efficiency is  

in

cycle

Q

W




  

 

The total rate of heat transfer to the working fluid as it passes through the steam generator and 

reheater section is determined using mass and energy rate balances as 

 

 )()( 2361in hhhhmQ    

 

Solving for rate of heat transfer gives 

 

 
kJ/s 1

kW 1

kg

kJ
)2.27923169.2()74.4863.3353(

s

kg
3.2in 








Q = 7460.2 kW 

 

The thermal efficiency is then 
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kW 7460.2

kW 3.3932

in

cycle


Q

W




 = 0.314 (31.4%) 
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8.36  An ideal Rankine cycle with reheat uses water as the working fluid.  As shown in Fig. 

P8.36, the conditions at the inlet to the first turbine stage are 1600 lbf/in.
2
, 1200

o
F and the steam 

is reheated to temperature T3 between the turbine stages at a pressure of 200 lbf/in.
2
  For a 

condenser pressure of 1 lbf/in.
2
, plot the cycle thermal efficiency versus reheat temperature and 

plot the cycle thermal efficiency versus quality of the steam at the second stage turbine exit for 

the reheat temperature ranging from 600
o
F to 1200

o
F. 

 

KNOWN:  An ideal reheat cycle uses steam as the working fluid.  Operating pressures and 

temperatures are given. 

 

FIND:  Plot thermal efficiency versus reheat temperature and plot the cycle thermal efficiency 

versus quality of the steam at the second stage turbine exit for temperatures ranging from 600
o
F 

to 1200
o
F. 

 

SCHEMATIC AND GIVEN DATA: 

 

  

P8.36 

 

ENGINEERING MODEL: 

1. Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible. 

3. The turbines and pump operate adiabatically. 

4. Condensate exits the condenser as saturated liquid. 

5. Kinetic and potential energy effects are negligible. 

 

ANALYSIS:  First fix each principal state.  Assume T3 = 800
o
F as sample calculation. 

 

State 1:  p1 = 1600 lbf/in.
2
, T1 = 1200

o
F → h1 = 1607.1 Btu/lb, s1 = 1.6684 Btu/lb ∙

o
R 

 

State 2:  p2 = 200 lbf/in.
2
, s2 = s1 = 1.6684 Btu/lb ∙

o
R → h2 = 1313.5 Btu/lb 

tW

4

Condenser outQ

Pump

pW

5

6

1
Steam

Generator

inQ

p5 = p4 = 1 lbf/in.2

x5 = 0 (saturated liquid)

p1 = 1600 lbf/in.2

T1 = 1200oF

p4 = 1 lbf/in.2

p6 = p1 = 1600 lbf/in.2

Turbine

2

Turbine

1

2

3

p2 = 200 lbf/in.2

Reheat

Section

p3 = p2 = 200 lbf/in.2
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State 3:  p3 =200 lbf/in.
2
, T3 = 800

o
F  → h3 = 1425.3 Btu/lb, s3 = 1.7660 Btu/lb ∙

o
R 

 

State 4:  p4 = 1 lbf/in.
2
, s4 = s3 = 1.7660 Btu/lb ∙

o
R → x4 = 0.8851, h4 = 986.80 Btu/lb 

 

State 5:  p5 = 1 lbf/in.
2
, saturated liquid → h5 = hf5 = 69.74 Btu/lb, v5 = vf5 = 0. 01614 ft

3
/lb  

 

State 6:  p6 = p1 = 1600 lbf/in.
2
, h6 ≈ 185.89 Btu/lb (see below) 

 

)( 56556 pphh  v  

 

lbfft 778

Btu 1

ft 1

in. 144

in.

lbf
)11600(

lb

ft
01614.0Btu/lb 74.69

2

2

2

3

6
















h = 74.52 Btu/lb 

 

The work per unit mass of steam flow is 

 

)()( 4321
t hhhh

m

W





 

 

lb

Btu
)80.9863.1425(

lb

Btu
)5.13131.1607(t 

m

W




= 732.1 Btu/lb 

 

For the pump 

56
p

hh
m

W





 

 

lb

Btu
)74.6952.74(

p


m

W




= 4.78 Btu/lb 

 

The heat input per unit of mass flowing to the steam generator and reheat process is 

 

)()( 2361
in hhhh

m

Q





 

 

lb

Btu
)5.13133.1425(

lb

Btu
)52.741.1607(in 

m

Q




= 1644.4 Btu/lb 

 

Thus, the thermal efficiency is  

 

Btu/lb 644.41

Btu/lb )78.41.732(

/

//

in

pt 





mQ

mWmW




 = 0.4423 (44.23%) 
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The following IT code is used to obtain data for the required plot. 
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IT Code IT Results 
p1 = 1600 // lbf/in.^2 
T1 = 1200 // oF 
p2 = 200 // lbf/in.^2 
p3 = p2 
T3 = 800 // oF 
p4 = 1 // lbf/in.^2 
p5 = p4 
p6 = p1 
 
h1 = h_PT("Water/Steam", p1, T1)   
s1 = s_PT("Water/Steam", p1, T1)   
 
s2 = s1 
h2 = h_Ps("Water/Steam", p2, s2)   
x2 = x_sP("Water/Steam", s2, p2)  
 
h3 = h_PT("Water/Steam", p3, T3)   
s3 = s_PT("Water/Steam", p3, T3)   
 
s4 = s3 
h4 = h_Ps("Water/Steam", p4, s4)   
x4 = x_sP("Water/Steam", s4, p4)  
 
x5 = 0 
h5 = hsat_Px("Water/Steam", p5, x5)  
v5 = vsat_Px("Water/Steam", p5, x5)   
 
h6 = h5 + v5*(p6 - p5)*(144/778) 
 
Wt_m = (h1 - h2) + (h3 - h4) 
Wp_m = h6 - h5 
Qin_m = (h1 - h6) + (h3 - h2) 
eta = (Wt_m - Wp_m)/Qin_m 

eta 0.4424 
h1 1607 
h2 1313 
h3 1425 
h4 986.6 
h5 69.58 
h6 74.36 
p3 200 
p5 1 
p6 1600 
Qin_m 1645 
s1 1.668 
s2 1.668 
s3 1.766 
s4 1.766 
v5 0.01614 
Wp_m 4.776 
Wt_m 732.3 
x2 1 
x4 0.8851 
p1 1600 
p2 200 
p4 1 
T1 1200 
T3 800 
x5 0 

 

The plot showing the results of sweeping T3 from 600
o
F to 1200

o
F and the effects on thermal 

efficiency and quality are shown below. 

 

 

For the specified reheat pressure, as 

reheat temperature increases, thermal 

efficiency increases since the average 

temperature of heat addition is higher.  

The material properties of the turbine 

blades will dictate an upper limit of the 

reheat temperature. 
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For the specified reheat pressure, as 

reheat temperature increases, the quality 

of the steam exiting the second turbine 

stage increases.  Since it is common 

practice to maintain at least 90% quality 

at the exit of a steam turbine to avoid 

undesirable effects, the reheat 

temperature should be higher than 

approximately 875
o
F. 

 

 

 

Reheat Termperature vs. Turbine Exit Quality
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8.40  A power plant operates on a regenerative vapor power cycle with one open feedwater 

heater.  Steam enters the first turbine stage at 12 MPa, 560
o
C and expands to 1 MPa, where some 

of the steam is extracted and diverted to the open feedwater heater operating at 1 MPa.  The 

remaining steam expands through the second turbine stage to the condenser pressure of 6 kPa.  

Saturated liquid exits the open feedwater heater at 1 MPa.  The net power output for the cycle is 

330 MW.  For isentropic processes in the turbines and pumps, determine  

(a) the cycle thermal efficiency. 

(b) the mass flow rate into the first turbine stage, in kg/s. 

(c) the rate of entropy production in the open feedwater heater, in kW/K. 

 

KNOWN:  A regenerative vapor power cycle with one open feedwater heater operates with 

steam as the working fluid.  Operational data are provided. 

 

FIND:  Determine (a) the cycle thermal efficiency, (b) the mass flow rate into the first turbine 

stage, in kg/s, and (c) the rate of entropy production in the open feedwater heater, in kW/K. 

 

SCHEMATIC AND GIVEN DATA: 
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Pump

2
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4

7

1
Steam

Generator
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(1)
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(1–y)

(1–y)

(1–y)

(y)

p6 = p5 = p2 = 1 MPa

x6 = 0 (saturated liquid)

Turbine

p2 = 1 MPa
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ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible except for mixing in the open 

feedwater heater. 

3. The turbines, pumps, and open feedwater heater operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the open feedwater heater, and saturated liquid exits the condenser. 

 

ANALYSIS: 

 

First fix each principal state. 

 

State 1:  p1 = 12 MPa (120 bar), T1 = 560
o
C → h1 = 3506.2 kJ/kg, s1 = 6.6840 kJ/kg∙K 

 

State 2:  p2 = 1 MPa (10 bar), s2 = s1 = 6.6840 kJ/kg∙K → h2 = 2823.3 kJ/kg 

 

State 3:  p3 = 6 kPa (0.06 bar), s3 = s1 = 6.6840 kJ/kg∙K → x3 = 0.7892, h3 = 2058.2 kJ/kg 

 

State 4:  p4 = 6 kPa (0.06 bar), saturated liquid → h4 = 151.53 kJ/kg, s4 = 0.5210 kJ/kg∙K,  

v4 = 0.0010064 m
3
/kg 

 

State 5:  p5 = p2 = 1 MPa (10 bar), s5 = s4 = 0.5210 kJ/kg∙K → )( 45445 pphh  v  

 

mN 1000

kJ 1

kPa 1

N/m 1000
kPa)61000(

kg

m
0010064.0

kg

kJ
53.151

23

5
















h = 152.53 kJ/kg 

 

State 6:  p6 = 1 MPa (10 bar), saturated liquid → h6 = 762.81 kJ/kg, s6 = 2.1387 kJ/kg∙K, 

v6 = 0.0011273 m
3
/kg 

 

s

T

 

 

 

 

6
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2

1

p = 6 kPa

p = 12 MPa

 

3
4

 
p = 1 MPa

 
7
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State 7:  p7 = p1 = 12 MPa (120 bar), s7 = s6 = 2.1387 kJ/kg∙K → )( 67667 pphh  v  

 

mN 1000

kJ 1

kPa 1

N/m 1000
kPa)100012000(

kg

m
0011273.0

kg

kJ
81.762

23

7
















h = 775.21 kJ/kg 

 

(a) Applying energy and mass balances to the control volume enclosing the open feedwater 

heater, the fraction of flow, y, extracted at location 2 is 

 

kJ/kg )53.1523.2823(

kJ/kg )53.15281.762(

52

56











hh

hh
y = 0.2285 

 

For the control volume surrounding the turbine stages 

 

))(1()( 3221
1

t hhyhh
m

W





 

 

kg

kJ
)2.20583.2823)(2285.01(

kg

kJ
)3.28232.3506(

1

t 
m

W




= 1273.2 kJ/kg 

 

For the pumps 

 

))(1()( 4567
1

p
hhyhh

m

W





 

 

kg

kJ
)53.15153.152)(2285.01(

kg

kJ
)81.76221.775(

1

p


m

W




= 13.17 kJ/kg 

 

 

For the working fluid passing through the steam generator 

 

kg

kJ
)21.7752.3506(71

1

in  hh
m

Q




= 2731.0 kJ/kg 

 

 

Thus, the thermal efficiency is  

 

kJ/kg 0.2731

kJ/kg )17.132.1273(

/

//

1in

1p1t 





mQ

mWmW




 = 0.461 (46.1%) 
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(b) The net power developed is 

 

)//( 1p1t1cycle mWmWmW    

 

Thus, 

)//( 1p1t

cycle
1

mWmW

W
m







  

 

MW 1

s

kJ
1000

kg

kJ
)17.132.1273(

MW 330
1



m = 261.9 kg/s 

 

(c) The rate of entropy production in the open feedwater heater is determined using the steady-

state form of the entropy rate balance: 

 

cv0 


  e

e

ei

i

i

j j

j
smsm

T

Q
 

 

Since the feedwater heater is adiabatic, the heat transfer term drops.  Thus, 

 

552266cv smsmsmsmsm i

i

ie

e

e     

 

])1([ 5261cv syyssm    

 

kJ/s 1

kW 1

Kkg

kJ
)]5210.0)(2285.01()6840.6)(2285.0(1387.2[

s

kg
9.261cv


 = 54.86 kW/K 

 

Mixing of streams within the open feedwater heater is a source of irreversibility that produces 

entropy. 
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8.41  Reconsider the cycle of Problem 8.40 as the feedwater heater pressure takes on other 

values.  Plot the cycle thermal efficiency, cycle work per unit mass entering the turbine, in kJ/kg, 

the heat transfer into the cycle per unit mass entering the turbine, in kJ/kg, the fraction of steam 

extracted and sent to the feedwater heater, the mass flow rate into the first turbine stage, in kg/s, 

and the rate of entropy production in the open feedwater heater, in kW/K, versus feedwater 

heater pressure ranging from 0.3 to 10 MPa.  

 

KNOWN:  Steady-state operating data are provided for the regenerative cycle of Problem 8.40. 

 

FIND:  Plot the cycle thermal efficiency, cycle work per unit mass entering the turbine, in kJ/kg, 

the heat transfer into the cycle per unit mass entering the turbine, in kJ/kg, the fraction of steam 

extracted and sent to the feedwater heater, the mass flow rate into the first turbine stage, in kg/s, 

and the rate of entropy production in the open feedwater heater, in kW/K, versus feedwater 

heater pressure ranging from 0.3 to 10 MPa (3 to 100 bar). 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible except for mixing in the open 

feedwater heater. 

3. The turbines, pumps, and open feedwater heater operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the open feedwater heater, and saturated liquid exits the condenser. 

 

ANALYSIS:  For a sample calculation, let p2 = 1 MPa (10 bar) (Problem 8.40). 
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First fix each principal state. 

 

State 1:  p1 = 12 MPa (120 bar), T1 = 560
o
C → h1 = 3506.2 kJ/kg, s1 = 6.6840 kJ/kg∙K 

 

State 2:  p2 = 1 MPa (10 bar), s2 = s1 = 6.6840 kJ/kg∙K → h2 = 2823.3 kJ/kg 

 

State 3:  p3 = 6 kPa (0.06 bar), s3 = s1 = 6.6840 kJ/kg∙K → x3 = 0.7892, h3 = 2058.2 kJ/kg 

 

State 4:  p4 = 6 kPa (0.06 bar), saturated liquid → h4 = 151.53 kJ/kg, s4 = 0.5210 kJ/kg∙K,  

v4 = 0.0010064 m
3
/kg 

 

State 5:  p5 = p2 = 1 MPa (10 bar), s5 = s4 = 0.5210 kJ/kg∙K → )( 45445 pphh  v  

 

mN 1000

kJ 1

kPa 1

N/m 1000
kPa)61000(

kg

m
0010064.0

kg

kJ
53.151

23

5
















h = 152.53 kJ/kg 

 

State 6:  p6 = 1 MPa (10 bar), saturated liquid → h6 = 762.81 kJ/kg, s6 = 2.1387 kJ/kg∙K, 

v6 = 0.0011273 m
3
/kg 

 

State 7:  p7 = p1 = 12 MPa (120 bar), s7 = s6 = 2.1387 kJ/kg∙K → )( 67667 pphh  v  

 

mN 1000

kJ 1

kPa 1

N/m 1000
kPa)100012000(

kg

m
0011273.0

kg

kJ
81.762

23

7
















h = 775.21 kJ/kg 

 

(a) Applying energy and mass balances to the control volume enclosing the open feedwater 

heater, the fraction of flow, y, extracted at location 2 is 

 

kJ/kg )53.1523.2823(

kJ/kg )53.15281.762(

52

56











hh

hh
y = 0.2285 

 

For the control volume surrounding the turbine stages 

 

))(1()( 3221
1

t hhyhh
m

W





 

 

kg

kJ
)2.20583.2823)(2285.01(

kg

kJ
)3.28232.3506(

1

t 
m

W




= 1273.2 kJ/kg 

 

For the pumps 

))(1()( 4567
1

p
hhyhh

m

W
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kg

kJ
)53.15153.152)(2285.01(

kg

kJ
)81.76221.775(

1

p


m

W




= 13.17 kJ/kg 

 

The cycle work per unit mass entering the turbine is 

 

kJ/kg )17.132.1273(/// 1p1t1cycle  mWmWmW  = 1260.03 kJ/kg 

 

For the working fluid passing through the steam generator 

 

kg

kJ
)21.7752.3506(71

1

in  hh
m

Q




= 2731.0 kJ/kg 

 

Thus, the thermal efficiency is  

 

kJ/kg 0.2731

kJ/kg )17.132.1273(

/

//

1in

1p1t 





mQ

mWmW




 = 0.461 (46.1%) 

 

(b) The net power developed is 

 

)//( 1p1t1cycle mWmWmW    

Thus, 

)//( 1p1t

cycle
1

mWmW

W
m







  

 

MW 1

s

kJ
1000

kg

kJ
)17.132.1273(

MW 330
1



m = 261.9 kg/s 

 

(c) The rate of entropy production in the open feedwater heater is determined using the steady-

state form of the entropy rate balance: 

 

cv0 


  e

e

ei

i

i

j j

j
smsm

T

Q
 

 

Since the feedwater heater is adiabatic, the heat transfer term drops.  Thus, 

 

552266cv smsmsmsmsm i

i

ie

e

e     

 

])1([ 5261cv syyssm    
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kJ/s 1

kW 1

Kkg

kJ
)]5210.0)(2285.01()6840.6)(2285.0(1387.2[

s

kg
9.261cv


 = 54.86 kW/K 

 

To obtain the data required for the plots, use IT as follows: 

 

IT Code IT Output 
//Given Data 
p1 = 12000 // kPa 
T1 = 560 // oC 
p2 = 1000 // kPa 
p3 = 6 // kPa 
p4 = p3 
p5 = p2 
p6 = p2 
p7 = p1 
x4 = 0 
x6 = 0 
W_dot_cycle = 330000 // kW 
 
//Determine required properties 
h1 = h_PT("Water/Steam", p1, T1)  
s1 = s_PT("Water/Steam", p1, T1) 
s2 = s1 
h2 = h_Ps("Water/Steam", p2, s2) 
s3 = s1 
h3 = h_Ps("Water/Steam", p3, s3) 
h4 = hsat_Px("Water/Steam", p4, x4) 
v4 = vsat_Px("Water/Steam", p4, x4)  
s4 = ssat_Px("Water/Steam", p4, x4)  
h5 = h4 + v4 * (p5 - p4) 
s5 = s4 
v6 = vsat_Px("Water/Steam", p6, x6) 
h6 = hsat_Px("Water/Steam", p6, x6) 
s6 = ssat_Px("Water/Steam", p6, x6) 
h7 = h6 + v6 * (p7 - p6) 
 
//Determine energy transfers and performance 
parameters 
y = (h6 - h5) / (h2 - h5) 
Wdotturb_per_mdot1 = (h1 - h2) + (1 - y)*(h2 - h3) 
Wdotpump_per_mdot1 = (h7 - h6) + (1 - y)*(h5 - h4) 
Wdotcycle_per_mdot1 = Wdotturb_per_mdot1 - 
Wdotpump_per_mdot1 
Qdotin_per_mdot1 = h1 - h7 
eta = (Wdotturb_per_mdot1 - 
Wdotpump_per_mdot1)/Qdotin_per_mdot1 
mdot1 = W_dot_cycle/(Wdotturb_per_mdot1 - 
Wdotpump_per_mdot1) 
Sdotprod_FWH = mdot1 * (s6 - y*s2 - (1-y)*s5) 

eta 0.4614 
h1 3506 
h2 2823 
h3 2058 
h4 151 
h5 152 
h6 762.5 
h7 774.9 
mdot1 261.9 
p4 6 
p5 1000 
p6 1000 
p7 1.2E4 
Qdotin_per_mdot1 2731 
s1 6.683 
s2 6.683 
s3 6.683 
s4 0.519 
s5 0.519 
s6 2.138 
Sdotprod_FWH 54.93 
v4 0.001007 
v6 0.001127 
Wdotcycle_per_mdot1   1260 
Wdotpump_per_mdot1 13.17 
Wdotturb_per_mdot1 1273 
y 0.2286 
p1 1.2E4 
p2 1000 
p3 6 
T1 560 
W_dot_cycle 3.3E5 
x4 0 
x6 0 

 

Note the results for thermal efficiency, cycle work per unit mass entering the turbine, heat 

transfer per unit mass entering the turbine, mass fraction of steam extracted from the turbine 

and sent to the feedwater heater, mass flow rate entering the turbine, and rate of entropy 

production are in good agreement with the sample calculations. 
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Plots: 
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From the plots we see that for a fixed cycle power output of 330 MW, the thermal efficiency 

gradually decreases over the range of feedwater heaters studied. 

 

The required mass flow rate of steam entering the first stage turbine increases with increasing 

p2.  To maintain a fixed cycle power output of 330 MW, this increase in flow rate is required 

since the cycle work per unit of mass decreases as more steam is diverted to the feedwater 

heater with increasing p2. 

 

The rate of entropy production in the feedwater heater increases with increasing p2 as more 

mass is diverted from the turbine to mix in the feedwater heater. 
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8.42  Compare the results of problem 8.40 (a) and (b) with those for an ideal Rankine cycle 

having the same turbine inlet conditions and condenser pressure but no regenerator.  

 

KNOWN:  An ideal Rankine cycle operates with steam as the working fluid.  Operational data 

are provided. 

 

FIND:  Determine (a) the cycle thermal efficiency and (b) the mass flow rate into the first 

turbine stage, in kg/s.  Compare results with those from problem 8.40. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

 
 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible. 
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3. The turbine and pump operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the condenser. 

 

ANALYSIS: 

 

First fix each principal state. 

 

State 1:  p1 = 12 MPa (120 bar), T1 = 560
o
C → h1 = 3506.2 kJ/kg, s1 = 6.6840 kJ/kg∙K 

 

State 2:  p2 = 6 kPa (0.06 bar), s2 = s1 = 6.6840 kJ/kg∙K → x2 = 0.7892, h2 = 2058.2 kJ/kg 

 

State 3:  p3 = 6 kPa (0.06 bar), saturated liquid → h3 = 151.53 kJ/kg, s3 = 0.5210 kJ/kg∙K,  

v3 = 0.0010064 m
3
/kg 

 

State 4:  p4 = p1 = 12 MPa (120 bar), s4 = s3 = 0.5210 kJ/kg∙K → )( 34334 pphh  v  

 

mN 1000

kJ 1

kPa 1

N/m 1000
kPa)612000(

kg

m
0010064.0

kg

kJ
53.151

23

4
















h = 163.60 kJ/kg 

 

(a) For the control volume surrounding the turbine 

 

21
t hh

m

W





 

 

kg

kJ
)2.20582.3506(t 

m

W




= 1448 kJ/kg 

 

For the pump 

 

34
p

hh
m

W





 

 

kg

kJ
)53.15160.163(

p


m

W




= 12.07 kJ/kg 

 

For the working fluid passing through the steam generator 

 

kg

kJ
)60.1632.3506(41

in  hh
m

Q




= 3342.6 kJ/kg 

 

 



 3 

Thus, the thermal efficiency is  

 

kJ/kg 342.63

kJ/kg )07.121448(

/

//

in

pt 





mQ

mWmW




 = 0.430 (43.0%) 

 

(b) The net power developed is 

 

)//( ptcycle mWmWmW    

 

Thus, 

)//( pt

cycle

mWmW

W
m







  

 

MW 1

s

kJ
1000

kg

kJ
)07.121448(

MW 330



m = 229.8 kg/s 

 

For fixed net power output by the cycle, introduction of the open feedwater heater into the 

basic cycle results in increased thermal efficiency and higher mass flow rate into the first 

turbine stage. 
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8.43   Compare the results of Problem 8.40 with those for the same cycle whose processes of the 

working fluid are not internally reversible in the turbines and pumps.  Assume that both turbine 

stages and both pumps have an isentropic efficiency of 83%.   

 

KNOWN:  A regenerative vapor power cycle with one open feedwater heater operates with 

steam as the working fluid.  Operational data are provided. 

 

FIND:  Determine (a) the cycle thermal efficiency, (b) the mass flow rate into the first turbine 

stage, in kg/s, and (c) the rate of entropy production in the open feedwater heater, in kW/K.  

Compare results with those of Problem 8.40. 

 

SCHEMATIC AND GIVEN DATA: 
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ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible except for processes in the 

turbines and pumps and mixing in the open feedwater heater. 

3. The turbines, pumps, and open feedwater heater operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the open feedwater heater, and saturated liquid exits the condenser. 

 

ANALYSIS:  First fix each principal state. 

 

State 1:  p1 = 12 MPa (120 bar), T1 = 560
o
C → h1 = 3506.2 kJ/kg, s1 = 6.6840 kJ/kg∙K 

 

State 2s:  p2s = p2 = 1 MPa (10 bar), s2s = s1 = 6.6840 kJ/kg∙K → h2s = 2823.3 kJ/kg 

 

State 2:  p2 = 1 MPa (10 bar), h2 = 2939.4 kJ/kg (see below) → s2 = 6.9174 kJ/kg∙K 

 

kg

kJ
)3.28232.3506)(83.0(

kg

kJ
2.3506)( 21t12

21
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t 




 s

s

hhhh
hh

hh
hh = 2939.4 kJ/kg 

 

State 3s:  p3s = p3 = 6 kPa (0.06 bar), s3s = s2 = 6.9174 kJ/kg∙K → x3s = 0.8191, h3s = 2130.4 

kJ/kg 

 

State 3:  p3 = 6 kPa (0.06 bar), h3 = 2267.9 kJ/kg (see below) → x3 = 0.8760, s3 = 7.3620 

kJ/kg∙K 

 

kg

kJ
)4.21304.2939)(83.0(

kg

kJ
4.2939)( 32t23

32

32
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 s

s

hhhh
hh

hh
hh = 2267.9 kJ/kg 

 

State 4:  p4 = 6 kPa (0.06 bar), saturated liquid → h4 = 151.53 kJ/kg, v4 = 0.0010064 m
3
/kg, s4 = 

0.5210 kJ/kg∙K 

 

State 5:  p5 = p2 = 1 MPa (10 bar), h5 = 152.74 kJ/kg (see below) → s5 ≈ 0.5249 kJ/kg∙K 

(assuming the saturated liquid state corresponding to h5 = hf in Table A-2 and interpolating 

for s5 = sf) 
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h = 152.74 kJ/kg 

 

State 6:  p6 = 1 MPa (10 bar), saturated liquid → h6 = 762.81 kJ/kg, s6 = 2.1387 kJ/kg∙K, 
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v6 = 0.0011273 m
3
/kg 

 

State 7:  p7 = p1 = 12 MPa (120 bar), h7 = 777.75 kJ/kg (see below)  
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h = 777.75 kJ/kg 

 

(a) Applying energy and mass balances to the control volume enclosing the open feedwater 

heater, the fraction of flow, y, extracted at location 2 is 

 

kJ/kg )74.1524.2939(

kJ/kg )74.15281.762(

52

56











hh

hh
y = 0.2189 

 

For the control volume surrounding the turbine stages 

 

))(1()( 3221
1

t hhyhh
m

W





 

 

kg

kJ
)9.22674.2939)(2189.01(

kg

kJ
)4.29392.3506(

1

t 
m

W




= 1091.3 kJ/kg 

 

For the pumps 

))(1()( 4567
1

p
hhyhh

m

W





 

 

kg

kJ
)53.15174.152)(2189.01(

kg

kJ
)81.76275.777(

1

p


m

W




= 15.89 kJ/kg 

 

For the working fluid passing through the steam generator 

 

kg

kJ
)75.7772.3506(71

1

in  hh
m

Q




= 2728.5 kJ/kg 

 

Thus, the thermal efficiency is  
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kJ/kg 5.2728

kJ/kg )89.153.1091(

/

//

1in

1p1t 





mQ

mWmW




h = 0.394 (39.4%) 

 

(b) The net power developed is 

 

)//( 1p1t1cycle mWmWmW    

 

Thus, 

)//( 1p1t

cycle
1

mWmW

W
m







  

 

MW 1

s

kJ
1000

kg

kJ
)89.153.1091(

MW 330
1



m = 306.9 kg/s 

 

(c) The rate of entropy production in the open feedwater heater is determined using the steady-

state form of the entropy rate balance: 

 

cv0 


  e

e

ei

i

i

j j

j
smsm

T

Q
 

 

Since the feedwater heater is adiabatic, the heat transfer term drops.  Thus, 

 

552266cv smsmsmsmsm i

i

ie

e

e     

 

])1([ 5261cv syyssm    

 

kJ/s 1

kW 1

Kkg

kJ
)]5249.0)(2189.01()9174.6)(2189.0(1387.2[

s

kg
9.306cv


 = 65.82 kW/K 

 

Compared to the ideal cycle in problem 8.40, the presence of internal irreversibilities in the 

turbine stages and the pumps results in lower cycle thermal efficiency, higher required mass 

flow rate of steam entering the first-stage turbine, and greater rate of entropy production in 

the open feedwater heater. 
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8.52  As indicated in Fig. P8.52, a power plant similar to that in Fig. 8.11 operates on a 

regenerative vapor power cycle with one closed feedwater heater.  Steam enters the first turbine 

stage at state 1 where pressure is 12 MPa and temperature is 560
o
C.  Steam expands to state 2 

where pressure is 1 MPa and some of the steam is extracted and diverted to the closed feedwater 

heater.  Condensate exits the feedwater heater at state 7 as saturated liquid at a pressure of 1 

MPa, undergoes a throttling process through a trap to a pressure of 6 kPa at state 8, and then 

enters the condenser.  The remaining steam expands through the second turbine stage to a 

pressure of 6 kPa at state 3 and then enters the condenser.  Saturated liquid feedwater exiting the 

condenser at state 4 at a pressure of 6 kPa enters a pump and exits the pump at a pressure of 12 

MPa.  The feedwater then flows through the closed feedwater heater, exiting at state 6 with a 

pressure of 12 MPa.  The net power output for the cycle is 330 MW.  For isentropic processes in 

each turbine stage and the pump, determine  

(a) the cycle thermal efficiency. 

(b) the mass flow rate into the first turbine stage, in kg/s. 

(c) the rate of entropy production in the closed feedwater heater, in kW/K. 

(d) the rate of entropy production in the steam trap, in kW/K. 

 

KNOWN:  A regenerative vapor power cycle with one closed feedwater heater operates with 

steam as the working fluid.  Operational data are provided. 

 

FIND:  Determine (a) the cycle thermal efficiency, (b) the mass flow rate into the first turbine 

stage, in kg/s, (c) the rate of entropy production in the closed feedwater heater, in kW/K, and (d) 

the rate of entropy production in the steam trap, in kW/K. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

State 
p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x 

1 12,000 560 3506.2 6.6840  

2 1,000  2823.3 6.6840  

3 6  2058.2 6.6840 0.7892 

4 6  151.53 0.5210 0 

5 12,000  163.60 0.5210  

6 12,000  606.61 1.7808  

7 1,000  762.81 2.1387 0 

8 6  762.81 2.4968 0.2530 
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ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible except for heat transfer through a 

finite temperature difference in the closed feedwater heater and throttling through the trap. 

3. The turbines, pump, closed feedwater heater, and steam trap operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the closed feedwater heater, and saturated liquid exits the condenser. 

 

ANALYSIS: 

 

(a) Applying energy and mass balances to the control volume enclosing the closed feedwater 

heater, the fraction of flow, y, extracted at location 2 is 
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For the pump 
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= 12.07 kJ/kg 

 

For the working fluid passing through the steam generator 
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= 2899.6 kJ/kg 

 

Thus, the thermal efficiency is  

 

kJ/kg 6.2899
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/
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 = 0.438 (43.8%) 

 

(b) The net power developed is 
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m = 259.6 kg/s 

 

(c) The rate of entropy production in the closed feedwater heater is determined using the steady-

state form of the entropy rate balance: 
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j j

j
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Q
 

 

Since the feedwater heater is adiabatic, the heat transfer term drops.  Thus, 
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 = 73.35 kW/K 

 

Heat transfer between a finite temperature difference within the closed feedwater heater is a 

source of irreversibility that produces entropy. 

 

(d) The rate of entropy production in the steam trap is determined using the one-inlet, one-exit, 

steady-state form of the entropy rate balance: 

 

cv)(0 


 ei

j j

j
ssm

T

Q
 

 

where m is the mass flow rate through the steam trap. 

 

Since the steam trap is adiabatic, the heat transfer term drops.  Thus, 

 

)()()( 781787cv ssmyssmssm ie    
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 = 19.99 kW/K 

 

The throttling process in the steam trap is a source of irreversibility that produces entropy. 
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8.53  Reconsider the cycle of Problem 8.52, but include in the analysis that each turbine stage 

and the pump have isentropic efficiencies of 83%. 

 

KNOWN:  A regenerative vapor power cycle with one closed feedwater heater operates with 

steam as the working fluid.  Operational data are provided. 

 

FIND:  Determine (a) the cycle thermal efficiency, (b) the mass flow rate into the first turbine 

stage, in kg/s, (c) the rate of entropy production in the closed feedwater heater, in kW/K, and (d) 

the rate of entropy production in the steam trap, in kW/K. 

 

SCHEMATIC AND GIVEN DATA: 
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(y)
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ht = 83%

pW

hp = 83%
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ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible except for processes in the 

turbines and pumps, heat transfer through a finite temperature difference in the closed feedwater 

heater, and throttling in the steam trap. 

3. The turbines, pump, closed feedwater heater, and steam trap operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the closed feedwater heater, and saturated liquid exits the condenser. 

 

ANALYSIS:  First fix each principal state. 

 

State 1 (same as State 1 in problem 8.52):  p1 = 12 MPa (120 bar), T1 = 560
o
C → h1 = 3506.2 

kJ/kg, s1 = 6.6840 kJ/kg∙K 

 

State 2s (same as State 2 in problem 8.52) :  p2s = p2 = 1 MPa (10 bar), s2s = s1 = 6.6840 

kJ/kg∙K → h2s = 2823.3 kJ/kg 

 

State 2:  p2 = 1 MPa (10 bar), h2 = 2939.4 kJ/kg (see below) → s2 = 6.9174 kJ/kg∙K 

 

kg
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hh
hh = 2939.4 kJ/kg 

 

State 3s:  p3s = p3 = 6 kPa (0.06 bar), s3s = s2 = 6.9174 kJ/kg∙K → x3s = 0.8191, h3s = 2130.4 

kJ/kg 

 

State 3:  p3 = 6 kPa (0.06 bar), h3 = 2267.9 kJ/kg (see below) → x3 = 0.8760, s3 = 7.3620 

kJ/kg∙K 
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State 4 (same as State 4 in problem 8.52):  p4 = 6 kPa (0.06 bar), saturated liquid →  

h4 = 151.53 kJ/kg, v4 = 0.0010064 m
3
/kg, s4 = 0.5210 kJ/kg∙K 

 

State 5:  p5 = 1 MPa (10 bar), h5 = 166.07 kJ/kg (see below) → s5 ≈ 0.5677 kJ/kg∙K (assuming 

the saturated liquid state corresponding to h5 = hf in Table 2 and interpolating for s5 = sf) 
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h = 166.07 kJ/kg 

 

State 6 (same as State 6 in problem 8.52):  p6 = 12 MPa (120 bar), h6 = 606.61 kJ/kg,  

s6 = 1.7808 kJ/kg∙K 

 

State 7 (same as State 7 in problem 8.52):  p7 = 1 MPa (10 bar), saturated liquid → h7 = 762.81 

kJ/kg, s7 = 2.1387 kJ/kg∙K 

 

State 8 (same as State 8 in problem 8.52):  p8 = 6 kPa (0.06 bar), h8 =h7 = 762.81 kJ/kg →  

s8 = 2.4968 kJ/kg∙K 

 

(a) Applying energy and mass balances to the control volume enclosing the closed feedwater 

heater, the fraction of flow, y, extracted at location 2 is 
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For the control volume surrounding the turbine stages 
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= 1102.4 kJ/kg 

 

For the pump 
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= 14.54 kJ/kg 

 

For the working fluid passing through the steam generator 
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= 2899.6 kJ/kg 

 

Thus, the thermal efficiency is  
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h = 0.375 (37.5%) 

 

 

(b) The net power developed is 
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Thus, 
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m = 303.3 kg/s 

 

(c) The rate of entropy production in the closed feedwater heater is determined using the steady-

state form of the entropy rate balance: 
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Since the feedwater heater is adiabatic, the heat transfer term drops.  Thus, 

 

22557766cv smsmsmsmsmsm i

i

ie

e

e     



 5 

 

)]([ 27561cv ssyssm    

 

kJ/s 1

kW 1

Kkg

kJ
)]9174.61387.2)(2024.0(5677.07808.1[

s

kg
3.303cv


 = 74.58 kW/K 

 

(d) The rate of entropy production in the steam trap is determined using the one-inlet, one-exit, 

steady-state form of the entropy rate balance: 
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where m is the mass flow rate through the steam trap. 

 

Since the steam trap is adiabatic, the heat transfer term drops.  Thus, 
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 = 21.98 kW/K 

 

Compared to the ideal cycle in problem 8.52, the presence of internal irreversibilities in the 

turbine stages and the pump results in lower cycle thermal efficiency, higher required mass 

flow rate of steam entering the first-stage turbine, and greater rate of entropy production in 

the closed feedwater heater.  Although the inlet and exit states for the steam trap are the same 

as those in Problem 8.52, the rate of entropy production during the throttling process is 

greater since the mass flow rate is higher. 
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8.63  Data for a regenerative vapor power cycle using an open and a closed feedwater heater 

similar in design to that shown in Fig P8.60 are provided in the table below. Steam enters the 

turbine at 14 MPa, 560
o
C, state 1, and expands isentropically in three stages to a condenser 

pressure of 80 kPa, state 4.  Saturated liquid exiting the condenser at state 5 is pumped 

isentropically to state 6 and enters the open feedwater heater. Between the first and second 

turbine stages, some steam is extracted at 1 MPa, state 2, and diverted to the closed feedwater 

heater. The diverted steam leaves the closed feedwater heater as saturated liquid at 1 MPa, state 

10, undergoes a throttling process to 0.2 MPa, state 11, and enters the open feedwater heater.  

Steam is also extracted between the second and third turbine stages at 0.2 MPa, state 3, and 

diverted to the open feedwater heater.  Saturated liquid at 0.2 MPa exiting the open feedwater 

heater at state 7 is pumped isentropically to state 8 and enters the closed feedwater heater. 

Feedwater exits the closed feedwater heater at 14 MPa, 170
o
C, state 9, and then enters the steam 

generator.  If the net power developed by the cycle is 300 MW, determine  

(a) the cycle thermal efficiency. 

(b) the mass flow rate into the first turbine stage, in kg/s. 

(c) the rate of heat transfer from the working fluid as it passes through the condenser, in MW. 

 

State 
p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x 

1 14,000 560 3486.0 6.5941 -- 

2 1,000  2781.6 6.5941 -- 

3 200  2497.0 6.5941 0.9048 

4 80 93.5 2357.6 6.5941 0.8645 

5 80 93.5 391.66 1.2329 0 

6 200  391.70 1.2329 -- 

7 200  504.70 1.5301 0 

8 14,000  504.71 1.5301 -- 

9 14,000 170 719.21 2.0419 -- 

10 1,000  762.81 2.1387 0 

11 200  762.81 2.1861 0.1172 

 

KNOWN:  A regenerative vapor power cycle with one closed feedwater heater and one open 

feedwater heater operates with steam as the working fluid.  Operational data are provided. 

 

FIND:  Determine (a) the cycle thermal efficiency, (b) the mass flow rate into the first turbine 

stage, in kg/s, (c) the rate of heat transfer from the working fluid as it passes through the 

condenser, in MW. 
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SCHEMATIC AND GIVEN DATA: 

 

State 
p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x 

1 14,000 560 3486.0 6.5941 -- 

2 1,000  2781.6 6.5941 -- 

3 200  2497.0 6.5941 0.9048 

4 80 93.5 2357.6 6.5941 0.8645 

5 80 93.5 391.66 1.2329 0 

6 200  391.70 1.2329 -- 

7 200  504.70 1.5301 0 

8 14,000  504.71 1.5301 -- 

9 14,000 170 719.21 2.0419 -- 

10 1,000  762.81 2.1387 0 

11 200  762.81 2.1861 0.1172 
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ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. All processes of the working fluid are internally reversible except for mixing in the open 

feedwater heater, heat transfer through a finite temperature difference in the closed feedwater 

heater, and throttling in the trap. 

3. The turbines, pump, closed feedwater heater, open feedwater heater, and trap operate 

adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the open feedwater heater and condenser, and diverted steam exits the 

closed feedwater heater as saturated liquid. 

 

ANALYSIS: 

 

(a) Applying mass and energy rate balances to the control volume enclosing the closed 

feedwater heater, the fraction of flow, y', extracted at location 2 is 

 

kJ/kg )81.7626.2781(
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hh
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Applying mass and energy rate balances to the control volume enclosing the open feedwater 

heater, the fraction of flow, y'', extracted at location 3 is 
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For the control volume surrounding the turbine stages 
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= 1078.5 kJ/kg 

For the pumps 
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= 0.044 kJ/kg 

 

For the working fluid passing through the steam generator 

 

kg
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= 2766.8 kJ/kg 

 

Thus, the thermal efficiency is  

 

kJ/kg 8.2766

kJ/kg )044.05.1078(
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 = 0.3898 (38.98%) 

 

(b) The net power developed is 

 

)//( 1p1t1cycle mWmWmW    

Thus, 
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s

kJ
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kg
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m = 278.2 kg/s 

 

(c) The rate of heat transfer from the working fluid as it passes through the condenser is 

determined by analyzing the steam side of the condenser.  For the working fluid passing through 

the condenser 
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MW 1

kg
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s
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Q = 470 MW  

 

Alternatively, the rate of heat transfer from the working fluid as it passes through the condenser 

can be determined by applying an overall energy balance to the cycle. 

 

cycleinout WQQ    

 

where 
0.3898

MW 300cycle
in 



W
Q


 = 770 MW 

 

Substituting values and solving give 

 

MW 300MW 770out Q = 470 MW 
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8.64  Reconsider the cycle of Problem 8.63, but include in the analysis that each turbine stage 

and the pumps have an isentropic efficiency of 83%.  Comparing calculated values with those 

obtained in Problem 8.63, respectively, what is the effect of irreversibilties within the turbines 

and pumps? 

 

KNOWN:  A regenerative vapor power cycle with one closed feedwater heater and one open 

feedwater heater operates with steam as the working fluid.  Operational data are provided. 

 

FIND:  Determine (a) the cycle thermal efficiency, (b) the mass flow rate into the first turbine 

stage, in kg/s, (c) the rate of heat transfer from the working fluid as it passes through the 

condenser, in MW.  Comparing calculated values with those obtained in Problem 8.63, 

respectively, comment on the effect of irreversibilties within the turbines and pumps. 

 

SCHEMATIC AND GIVEN DATA: 

 

State 
p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x 

1 14,000 560 3486.0 6.5941 -- 

2 1,000  2781.6 6.5941 -- 

3 200  2497.0 6.5941 0.9048 

4 80 93.5 2357.6 6.5941 0.8645 

5 80 93.5 391.66 1.2329 0 

6 200  391.70 1.2329 -- 

7 200  504.70 1.5301 0 

8 14,000  504.71 1.5301 -- 

9 14,000 170 719.21 2.0419 -- 

10 1,000  762.81 2.1387 0 

11 200  762.81 2.1861 0.1172 

From Problem 8.63 
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ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The turbines, pumps, closed feedwater heater, open feedwater heater, and trap operate 

adiabatically. 

3. Kinetic and potential energy effects are negligible. 
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4. Saturated liquid exits the open feedwater heater and condenser, and steam generator 

feedwater exits the closed feedwater heater as saturated liquid. 

 

ANALYSIS:  First fix each principal state. 

 

State 1 (same as State 1 in problem 8.63):  p1 = 14 MPa (140 bar), T1 = 560
o
C → h1 = 3486.0 

kJ/kg, s1 = 6.5941 kJ/kg∙K 

 

State 2s (same as State 2 in problem 8.63) :  p2s = p2 = 1 MPa (10 bar), s2s = s1 = 6.5941 

kJ/kg∙K → h2s = 2781.6 kJ/kg 

 

State 2:  p2 = 1 MPa (10 bar), h2 = 2901.3 kJ/kg (see below) → s2 = 6.8429 kJ/kg∙K 

 

kg
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kg
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State 3s:  p3s = p3 = 200 kPa (2 bar), s3s = s2 = 6.8429 kJ/kg∙K → x3s = 0.9492, h3s = 2594.7 kJ/kg 

 

State 3:  p3 = 200 kPa (2 bar), h3 = 2646.8 kJ/kg (see below) → x3 = 0.9728, s3 = 6.9749 kJ/kg∙K 
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State 4s:  p4s = p4 = 80 kPa (0.8 bar), s4s = s3 = 6.9749 kJ/kg∙K → x4s = 0.9259, h4s = 2497.2 

kJ/kg 

 

State 4:  p4 = 80 kPa (0.8 bar), h4 = 2522.6 kJ/kg (see below) → x4 = 0.9370, s4 = 7.0439 

kJ/kg∙K 
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State 5 (same as State 5 in problem 8.63):  p5 = 80 kPa (0.8 bar), saturated liquid →  

h5 = 391.66 kJ/kg, v5 = 0.0010380 m
3
/kg, s5 = 1.2329 kJ/kg∙K 

 

State 6:  p6 = 200 kPa (2 bar), h6 = 391.81 kJ/kg (see below) → s6 ≈ 1.2332 kJ/kg∙K (assuming 

the saturated liquid state corresponding to h6 = hf in Table 2 and interpolating for s6 = sf) 
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h = 391.81 kJ/kg 

 

State 7 (same as State 7 in problem 8.63):  p7 = 200 kPa (2 bar), h7 = 504.70 kJ/kg,  

s7 = 1.5301 kJ/kg∙K 

 

State 8:  p8 = 14 MPa (140 bar), h8 = 522.33 kJ/kg (see below) → s8 ≈ 1.5743 kJ/kg∙K 

(assuming the saturated liquid state corresponding to h8 = hf in Table 2 and interpolating for 

s8 = sf) 
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h = 522.33 kJ/kg 

 

State 9 (same as State 9 in problem 8.63):  p9 = 14 MPa (140 bar), T9 = 170
o
C → h9 = 719.21 

kJ/kg, s9 = 2.0419 kJ/kg∙K 

 

State 10 (same as State 10 in problem 8.63):  p10 = 1 MPa (10 bar), saturated liquid →  

h10 = 762.81 kJ/kg, s10 = 2.1387 kJ/kg∙K 

 

State 11 (same as State 11 in problem 8.63):  p11 = 200 kPa (2 bar), h11 =h10 = 762.81 kJ/kg →  

s11 = 2.1861 kJ/kg∙K 

 

(a) Applying mass and energy rate balances to the control volume enclosing the closed 

feedwater heater, the fraction of flow, y', extracted at location 2 is 
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Applying mass and energy rate balances to the control volume enclosing the open feedwater 

heater, the fraction of flow, y'', extracted at location 3 is 
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For the control volume surrounding the turbine stages 
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= 924.19 kJ/kg 

For the pumps 
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= 17.76 kJ/kg 

 

For the working fluid passing through the steam generator 
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= 2766.8 kJ/kg 

 

Thus, the thermal efficiency is  

 

kJ/kg 8.2766
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(b) The net power developed is 
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Thus, 

)//( 1p1t

cycle
1

mWmW

W
m







  

 

MW 1

s

kJ
1000

kg

kJ
)76.1719.924(

MW 300
1



m = 331.0 kg/s 

 

(c) The rate of heat transfer from the working fluid as it passes through the condenser is 

determined by analyzing the steam side of the condenser.  For the working fluid passing through 

the condenser: 
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s

kg
0.331)0349.00921.01(out 








Q = 616 MW  

 

Alternatively, the rate of heat transfer from the working fluid as it passes through the condenser 

can be determined by applying an overall energy balance to the cycle. 

 

cycleinout WQQ    

 

where 
0.3276

MW 300cycle
in 

h

W
Q


 = 916 MW 

 

Substituting values and solving give 

 

MW 300MW 916out Q = 616 MW 

 

 

Compared to the ideal cycle in problem 8.63, the presence of internal irreversibilities in the 

turbine stages and the pumps results in lower cycle thermal efficiency, higher required mass 

flow rate of steam entering the first-stage turbine, and greater rate of heat rejection from the 

working fluid in the condenser.   
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8.74  Data for a power plant similar in design to that shown in Fig 8.12 are provided in the table 

below.  The plant operates on a regenerative vapor power cycle with four feedwater heaters, 

three closed and one open, and reheat.  Steam enters the turbine at 16,000 kPa, 600
o
C, expands in 

three stages to the reheat pressure of 2000 kPa, is reheated to 500
o
C, and then expands in three 

more stages to the condenser pressure of 10 kPa.  Saturated liquid exits the condenser at 10 kPa.  

Between the first and second stages, some steam is diverted to a closed feedwater heater at 8000 

kPa.  Between the second and third stages, additional steam is diverted to a second closed 

feedwater heater at 4000 kPa.  Steam is extracted between the fourth and fifth turbine stages at 

800 kPa and fed into an open feedwater heater operating at that pressure.  Saturated liquid at 800 

kPa leaves the open feedwater heater.  Between the fifth and sixth stages, some steam is diverted 

to a closed feedwater heater at 200 kPa.  Condensate leaves each closed feedwater heater as 

saturated liquid at the respective extraction pressures.  For isentropic processes in each turbine 

stage and adiabatic processes in the pumps, all closed feedwater heaters, all traps, and the open 

feedwater heater show that 

(a) the fraction of the steam diverted between the first and second stage is 0.1000. 

(b) the fraction of the steam diverted between the second and third stage is 0.1500. 

(c) the fraction of the steam diverted between the fourth and fifth stage is 0.0009. 

(d) the fraction of the steam diverted between the fifth and sixth stage is 0.1302. 

 

State 
p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x State 

p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x 

1 16,000 600 3573.5 6.6399 -- 12 800  721.11 2.0462 0 

2 8,000  3334.7 6.6399 -- 13 16,000  738.05 2.0837 -- 

3 4,000  3129.2 6.6399 -- 14 16,000  1067.3 2.7584 -- 

4 2,000  2953.6 6.6399 -- 15 8,000  1316.6 3.2068 0 

5 2,000 500 3467.6 7.4317 -- 16 4,000  1316.6 3.2344 0.1338 

6 800  3172.1 7.4317 -- 17 4,000  1087.3 2.7964 0 

7 200  2824.7 7.4317 -- 18 800  1087.3 2.8716 0.1788 

8 10  2355.4 7.4317 0.9042 19 200  504.70 1.5301 0 

9 10  191.83 0.6493 0 20 10  504.70 1.6304 0.1308 

10 800  192.63 0.6517 -- 21 16,000  1269.1 3.1245 -- 

11 800  595.92 1.7553 --       

 

KNOWN:  A regenerative vapor power cycle with three closed feedwater heaters, one open 

feedwater heater, and reheat operates with steam as the working fluid.  Operational data are 

provided. 

 

FIND:  Show that (a) the fraction of the steam diverted between the first and second stage is 

0.1000, (b) the fraction of the steam diverted between the second and third stage is 0.1500, (c) 

the fraction of the steam diverted between the fourth and fifth stage is 0.0009, and (d) the 

fraction of the steam diverted between the fifth and sixth stage is 0.1302. 
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SCHEMATIC AND GIVEN DATA: 

 

State 
p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x State 

p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x 

1 16,000 600 3573.5 6.6399 -- 12 800  721.11 2.0462 0 

2 8,000  3334.7 6.6399 -- 13 16,000  738.05 2.0837 -- 

3 4,000  3129.2 6.6399 -- 14 16,000  1067.3 2.7584 -- 

4 2,000  2953.6 6.6399 -- 15 8,000  1316.6 3.2068 0 

5 2,000 500 3467.6 7.4317 -- 16 4,000  1316.6 3.2344 0.1338 

6 800  3172.1 7.4317 -- 17 4,000  1087.3 2.7964 0 

7 200  2824.7 7.4317 -- 18 800  1087.3 2.8716 0.1788 

8 10  2355.4 7.4317 0.9042 19 200  504.70 1.5301 0 

9 10  191.83 0.6493 0 20 10  504.70 1.6304 0.1308 

10 800  192.63 0.6517 -- 21 16,000  1269.1 3.1245 -- 

11 800  595.92 1.7553 --       

 

 

 
 

 

ENGINEERING MODEL: 

1. Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The expansions through the turbine stages occur isentropically. 

3. The turbines, pumps, closed feedwater heaters, open feedwater heater, and traps operate 

adiabatically. 
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4. Kinetic and potential energy effects are negligible. 

 

ANALYSIS: 

 

(a) Applying mass and energy rate balances to the control volume enclosing the first closed 

feedwater heater, the fraction of flow, y', extracted at location 2 is 

 

kJ/kg )6.13167.3334(

kJ/kg )3.10671.1269(
'

152

1421











hh

hh
y = 0.1000 

 

(b) Applying mass and energy rate balances to the control volume enclosing the second closed 

feedwater heater, the fraction of flow, y'', extracted at location 3 is 

 

kJ/kg )3.10872.3129(

kJ/kg )]6.13163.1087)(1000.0(05.7383.1067[)('
''

173

16171314











hh

hhyhh
y = 0.1500 

 

(c) Applying mass and energy rate balances to a control volume enclosing the open feedwater 

heater, the fraction of flow, y''', extracted at location 6 is 

 

116

18111112 ))('''(
'''

hh

hhyyhh
y




  

 

kJ/kg )92.5951.3172(

kJ/kg )]3.108792.595)(2500.0(92.59511.721[
'''




y = 0.0009 

 

(d) Applying mass and energy rate balances to the control volume enclosing the third closed 

feedwater heater, the fraction of flow, y'''', extracted at location 7 is 

 

197

1011 ))(''''''1(
''''

hh

hhyyy
y




  

 

kJ/kg )70.5047.2824(

kJ/kg )]63.19292.595)(7491.0[(
''''




y = 0.1302 
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8.75  For the power plant in Problem 8.74 with extraction mass fractions as indicated determine 

the cycle thermal efficiency. 

 

KNOWN:  A regenerative vapor power cycle with three closed feedwater heaters, one open 

feedwater heater, and reheat operates with steam as the working fluid.  Operational data are 

provided in Problem 8.74. 

 

FIND:  Determine the cycle thermal efficiency. 

 

SCHEMATIC AND GIVEN DATA: 

 

State 
p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x State 

p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x 

1 16,000 600 3573.5 6.6399 -- 12 800  721.11 2.0462 0 

2 8,000  3334.7 6.6399 -- 13 16,000  738.05 2.0837 -- 

3 4,000  3129.2 6.6399 -- 14 16,000  1067.3 2.7584 -- 

4 2,000  2953.6 6.6399 -- 15 8,000  1316.6 3.2068 0 

5 2,000 500 3467.6 7.4317 -- 16 4,000  1316.6 3.2344 0.1338 

6 800  3172.1 7.4317 -- 17 4,000  1087.3 2.7964 0 

7 200  2824.7 7.4317 -- 18 800  1087.3 2.8716 0.1788 

8 10  2355.4 7.4317 0.9042 19 200  504.70 1.5301 0 

9 10  191.83 0.6493 0 20 10  504.70 1.6304 0.1308 

10 800  192.63 0.6517 -- 21 16,000  1269.1 3.1245 -- 

11 800  595.92 1.7553 --       

P8.74 

 

Fraction of flow extracted at location 2:  y' = 0.1000. 

Fraction of flow extracted at location 3:  y'' = 0.1500. 

Fraction of flow extracted at location 6:  y''' = 0.0009. 

Fraction of flow extracted at location 7:  y'''' = 0.1302. 
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Regenerative Vapor Power Cycle with Reheat 

 

 

 
 

 

ENGINEERING MODEL: 

1. Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The expansions through the turbine stages occur isentropically. 

3. The turbines, pumps, closed feedwater heaters, open feedwater heater, and traps operate 

adiabatically. 

4. Kinetic and potential energy effects are negligible. 

 

ANALYSIS:   

For an overall control volume enclosing the turbine stages, an energy balance on the basis of a 

unit of mass entering reads  

 

87643251
1

t )''''''''''1(''''''')'''1(''')'''1( hyyyyhyhyhyyhyhyhyyh
m

W





 

 

Substituting enthalpy values and the following flow fractions gives 

y' = 0.1000 

y'' = 0.1500 

(1 − y' − y'') = 0.7500 

y''' = 0.0009 

(1 − y' − y'' − y''') = 0.7491 

y'''' = 0.1302 
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(1 − y' − y'' − y''' − y'''') = 0.6189 

 

kg

kJ
)]3.2355)(6189.0()7.2824)(1302.0()1.3172)(0009.0(         

)6.2953)(7500.0()2.3129)(1500.0()7.3334)(1000.0()6.3467)(7500.0(5.3573[
1

t




m

W





 

1

t

m

W




= 1327.8 kJ/kg 

For the pumps 

))(''''''1( 9101213
1

p
hhyyyhh

m

W





 

 

kg

kJ
)]83.19163.192)(7491.0(11.72105.738[

1

p


m

W




= 17.54 kJ/kg 

 

For the working fluid passing through the steam generator and reheat section 

 

))('''1( 45211
1

in hhyyhh
m

Q





 

 

kg

kJ
)]6.29536.3467)(7500.0(1.12695.3573[

1

in 
m

Q




= 2689.9 kJ/kg 

 

Thus, the thermal efficiency is  

 

kJ/kg 9.2689

kJ/kg )54.178.1327(

/

//

1in

1p1t 





mQ

mWmW




 = 0.487 (48.7%) 
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8.76  A binary vapor power cycle consists of two ideal Rankine cycles with steam and 

Refrigerant 134a as the working fluids.  The mass flow rate of steam is 2 kg/s.  In the steam 

cycle, superheated vapor enters the turbine at 8 MPa, 600
o
C, and saturated liquid exits the 

condenser at 250 kPa.  In the interconnecting heat exchanger, energy rejected by heat transfer 

from the steam cycle is provided to the Refrigerant 134a cycle.  The heat exchanger experiences 

no stray heat transfer with its surroundings.  Superheated Refrigerant 134a leaves the heat 

exchanger at 600 kPa, 30
o
C, which enters the Refrigerant 134a turbine.  Saturated liquid leaves 

the Refrigerant 134a condenser at 100 kPa.  Determine 

(a)  The net power developed by the binary cycle, in kW. 

(b)  The rate of heat addition to the binary cycle, in kW. 

(c)  The thermal efficiency of the binary cycle. 

(d)  The rate of entropy production in the interconnecting heat exchanger, in kW/K. 

 

KNOWN:  A binary power cycle operates with steam and Refrigerant 134a to produce power.  

Operational data are provided. 

 

FIND:  Determine (a) the net power developed by the binary cycle, in kW, (b) the rate of heat 

addition to the binary cycle, in kW, (c) the thermal efficiency of the binary cycle, and (d) the rate 

of entropy production in the interconnecting heat exchanger, in kW/K. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

t1WTurbine

2

Condenser

Pump

p1W

3

4

1
Steam

Generator

inQ

p3 = p2 = 250 kPa

saturated liquid

p2 = 250 kPa

p4 = p1 = 8 MPa

outQ

p1 = 8 MPa

T1 = 600oC

Pump

p2W

t2WTurbine
5

8

6

7

p5 = 600 kPa

T5 = 30oC

p7 = p6 = 100 kPa

saturated liquid

p8 = p5 = 600 kPa

p6 = 100 kPaHeat

Exchanger

kg/s 2steam m

Steam 

Cycle Refrigerant 134a

Cycle



 2 

2. All processes of the working fluids are internally reversible, except in the interconnecting 

heat exchanger. 

3. The turbine stages and pumps operate adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. There is no stray heat transfer from the interconnecting heat exchanger. 

 

ANALYSIS:  First fix each principal state. 

 

For the steam (Tables A-3 and A-4) 

 

State 1:  p1 = 8 MPa (80 bar), T1 = 600
o
C → h1 = 3642.0 kJ/kg, s1 = 7.0206 kJ/kg∙K 

 

State 2:  p2 = 250 kPa (2.5 bar), s2 = s1 = 7.0206 kJ/kg∙K → x2 = 0.9941, h2 = 2704.0 kJ/kg 

 

State 3:  p3 = 250 kPa (2.5 bar), saturated liquid → h3 = 535.37 kJ/kg, s3 = 1.6072 kJ/kg∙K, 

v3 = 0.0010672 m
3
/kg 

 

State 4:  p4 = 8 MPa (80 bar), )( 34334 pphh  v   

 

mN 1000

kJ 1

kPa 1

N/m 1000
kPa)2508000(

kg

m
0010672.0

kg

kJ
37.535

23

4
















h = 543.64 kJ/kg 

 

For the Refrigerant 134a (Tables A-10, A-11, and A-12) 

 

State 5:  p5 = 600 kPa (6 bar), T5 = 30
o
C → h5 = 267.89 kJ/kg, s5 = 0.9388 kJ/kg∙K 

 

State 6:  p6 = 100 kPa (1 bar), s6 = s5 = 0.9388 kJ/kg∙K → x6 = 0.9992, h6 = 231.18 kJ/kg 

 

State 7:  p7 = 100 kPa (1 bar), saturated liquid → h7 = 16.29 kJ/kg, s7 = 0.0678 kJ/kg∙K, 

v7 = 0.0007258 m
3
/kg 

 

State 8:  p8 = 600 kPa (6 bar), s8 = s7 = 0.0678 kJ/kg∙K, )( 78778 pphh  v  

 

mN 1000

kJ 1

kPa 1

N/m 1000
kPa)100600(

kg

m
0007258.0

kg

kJ
29.16

23

8
















h = 16.65 kJ/kg 

 

(a)  The net power developed by the binary cycle is the sum of the net power developed by the 

steam cycle and the net power developed by the Refrigerant 134a cycle.  For the control volume 

surrounding the steam turbine  

 

)( 21steamt1 hhmW    

 

kJ/s 1

kW 1

kg

kJ
)0.27040.3642(

s

kg
2t1 








W = 1876 kW 
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For the steam cycle pump 

)( 34steamp1 hhmW    

 

kJ/s 1

kW 1

kg

kJ
)37.53564.543(

s

kg
2p1 








W = 16.5 kW 

 

The net power developed by the steam cycle is 

 

kW )5.161876(p1t1cycle steam  WWW  = 1859.5 kW 

 

To determine the mass flow rate of Refrigerant 134a, apply energy and mass balances to the 

control volume enclosing the interconnecting heat exchanger 

 

kJ/kg )65.1689.267(

kJ/kg )37.5350.2704(kg/s) 2(

)(

)(

85

32steam
134a-R











hh

hhm
m


 = 17.3 kg/s 

 

For the control volume surrounding the Refrigerant 134a turbine  

 

)( 65134a-Rt2 hhmW    

 

kJ/s 1

kW 1

kg

kJ
)18.23189.267(

s

kg
3.17t2 








W = 635.1 kW 

 

For the Refrigerant 134a cycle pump 

 

)( 78134a-Rp2 hhmW    

 

kJ/s 1

kW 1

kg

kJ
)29.1665.16(

s

kg
3.17p 








W = 6.2 kW 

 

The net power developed by the Refrigerant 134a cycle is 

 

kW )2.61.635(p2t2cycle 134a-R  WWW  = 628.9 kW 

 

The net power developed by the binary cycle is 

 

kW )9.6285.1859(cycle 134a-Rcycle steamNet  WWW  = 2488.4 kW 

 

(b) The thermal efficiency of the binary cycle is given by 

 

in

Net

Q

W
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Applying energy and mass balances to the control volume enclosing the steam generator 

 

)( 41steamin hhmQ    

 

kJ/s 1

kW 1

kg

kJ
)64.5430.3642(

s

kg
2in 








Q = 6196.7 kW 

 

Substituting values gives 

 

kW 7.6196

kW 4.2488
 = 0.402 (40.2%) 

 

(c) The rate of entropy production in the interconnecting heat exchanger is determined using the 

steady-state form of the entropy rate balance: 

 

cv0 


  e

e

ei

i

i

j j

j
smsm

T

Q
 

 

Since the interconnecting heat exchanger has no stray heat transfer with the surroundings, the 

heat transfer term drops.  Thus, 

 

)()( 85134a-R23steamcv ssmssmsmsm i

i

ie

e

e     

 

kJ/s 1

kW 1

Kkg

kJ
)0678.09388.0(

s

kg
3.17

Kkg

kJ
)0206.76072.1(

s

kg
2cv 































 = 4.24 kW/K 
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8.78  Figure P8.78 shows a vapor power cycle that provides process heat and produces power.  

The steam generator produces vapor at 500 lbf/in.
2
, 800

o
F, at a rate of 8 × 10

4
 lb/h.  Eighty-eight 

percent of the steam expands through the turbine to 10 lbf/in.
2
 and the remainder is directed to 

the heat exchanger.  Saturated liquid exits the heat exchanger at 500 lbf/in.
2
 and passes through a 

trap before entering the condenser at 10 lbf/in.
2
  Saturated liquid exits the condenser at 10 lbf/in.

2
 

and is pumped to 500 lbf/in.
2
 before entering the steam generator.  The turbine and pump have 

isentropic efficiencies of 85% and 89%, respectively.  Determine 

(a)  The process heat production rate, in Btu/h. 

(b)  The thermal efficiency of the cycle. 

 

KNOWN:  A vapor power cycle operates with steam to produce process heat and power.  

Operational data are provided. 

 

FIND:  Determine (a) the production rate of process heat, in Btu/h, and (b) the thermal 

efficiency of the cycle. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
Fig. P8.78 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The turbine and pump operate adiabatically. 

3. The expansion through the trap is a throttling process. 

4. Flow through the heat exchanger and condenser occurs at constant pressure. 

5. Kinetic and potential energy effects are negligible. 

 

ANALYSIS:  First fix each principal state. 
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outQ
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5

2
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●
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(1 − y)
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State 1:  p1 = 500 lbf/in.
2
, T1 = 800

o
F → h1 = 1412.1 Btu/lb, s1 = 1.6571 Btu/lb∙

o
R 

 

State 2s:  p2s = p2 = 10 lbf/in.
2
, s2s = s1 = 1.6571 Btu/lb∙

o
R → x2s = 0.9132, h2s = 1058.1 Btu/lb 

 

State 2:  p2 = 10 lbf/in.
2
, h2 = 1111.2 Btu/lb (see below) → x2 = 0.9673, s2 = 1.7385 Btu/lb∙

o
R 

 

lb

Btu
)1.10581.1412)(85.0(

lb

Btu
1.1412)( 21t12

21

21
t 




 s

s

hhhh
hh

hh
hh = 1111.2 Btu/lb 

 

State 3:  p3 = 10 lbf/in.
2
, saturated liquid → h3 = 161.23 Btu/lb, v3 = 0.01659 ft

3
/lb 

 

State 4:  p4 = 500 lbf/in.
2
, saturated liquid → h4 = 449.5 Btu/lb 

 

State 5:  p5 = 10 lbf/in.
2
, h5 = h4 =449.5 Btu/lb (throttling process) 

 

State 6:  p6 = 500 lbf/in.
2
, 

p

363
36

)(

h

pp
hh



v

 

 

lbfft 787

Btu 1

ft 1

in. 144

89.0

in.

lbf
)10500(

lb

ft
01659.0

lb

Btu
23.161

2

22

3

6

















h = 162.92 Btu/lb 

 

 

(a)  Applying energy and mass balances to the control volume enclosing the heat exchanger 

 

)( 411process hhmyQ    

 

where y = 0.12 is the fraction of steam passing through the heat exchanger. 

 

lb

Btu
)5.4491.1412(

h

lb
108)12.0( 4

process 







Q = 9.24 × 10

6
 Btu/h 

 

(b) The thermal efficiency of the cycle is given by 

 

in

cycle

Q

W




h  

 

where 

ptcycle WWW    

 

For the control volume surrounding the turbine  

 



 3 

)()1( 211t hhmyW    

 

lb

Btu
)2.11111.1412(

h

lb
108)88.0( 4

t 







W = 21.18 × 10

6
 Btu/h 

 

For the pump 

)( 361p hhmW    

 

lb

Btu
)23.16192.162(

h

lb
108 4

p 







W = 0.14 × 10

6
 Btu/h 

 

Applying energy and mass balances to the control volume enclosing the steam generator 

 

)( 611in hhmQ    

 

lb

Btu
)92.1621.1412(

h

lb
108 4

in 







Q = 99.93 × 10

6
 Btu/h 

 

Substituting values gives 

 

Btu/h 1093.99

Btu/h )1014.01016.21(
6

66




h = 0.210 (21.0%) 

 

The thermal efficiency is low in this case because only one of two valuable products is 

considered, net power out.  The other product, process heat, is not included in the thermal 

efficiency.  In such cases, an exergetic efficiency gives a more accurate picture of the 

performance. 
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8.80  Consider a cogeneration system operating as shown in Fig. P8.80.  Steam enters the first 

turbine stage at 6 MPa, 540
o
C.  Between the first and second stages, 45% of the steam is 

extracted at 500 kPa and diverted to a process heating load of 5 × 10
8
 kJ/h.  Condensate exits the 

process heat exchanger at 450 kPa with specific enthalpy of  589.13 kJ/kg and is mixed with 

liquid exiting the lower pressure pump at 450 kPa.  The entire flow is then pumped to the steam 

generator pressure.  At the inlet to the steam generator the specific enthalpy is 469.91 kJ/kg.  

Saturated liquid at 60 kPa leaves the condenser.  The turbine stages and the pumps operate with 

isentropic efficiencies of 82% and 88%, respectively.  Determine 

(a)  the mass flow rate of steam entering the first turbine stage, in kg/s. 

(b)  the net power developed by the cycle, in MW. 

(c)  the rate of entropy production in the turbine, in kW/K. 

 

KNOWN:  A cogeneration system operates to produce power and process heat.  Operational 

data are provided. 

 

FIND:  Determine (a) the mass flow rate of steam entering the first turbine stage, in kg/s, (b) the 

net power developed by the cycle, in MW, and (c) the rate of entropy production in the turbine, 

in kW/K. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
Fig. P8.80 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The turbine stages and pumps operate adiabatically. 

3. Kinetic and potential energy effects are negligible. 

4. Saturated liquid exits the condenser. 
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ANALYSIS:  First fix each principal state. 

 

State 1:  p1 = 6 MPa (60 bar), T1 = 540
o
C → h1 = 3157.0 kJ/kg, s1 = 6.9999 kJ/kg∙K 

 

State 2s:  p2s = p2 = 500 kPa (5 bar), s2s = s1 = 6. 9999 kJ/kg∙K → h2s = 2827.9 kJ/kg 

 

State 2:  p2 = 500 kPa (5 bar), h2 = 2951.9 kJ/kg (see below) → s2 = 7.2532 kJ/kg∙K 

 

kg

kJ
)9.28270.3517)(82.0(

kg

kJ
0.3517)( 21t12

21

21
t 




 s

s

hhhh
hh

hh
hh = 2951.9 kJ/kg 

 

State 3s:  p3s = p3 = 60 kPa (0.6 bar), s3s = s2 = 7.2532 kJ/kg∙K → x3s = 0.9563,  

h3s = 2553.2 kJ/kg 

 

State 3:  p3 = 60 kPa (0.6 bar), h3 = 2625.0 kJ/kg (see below) → x3 = 0.9876,  

s3 = 7.4528 kJ/kg∙K 

 

kg

kJ
)2.25539.2951)(82.0(

kg

kJ
9.2951)( 32t23

32

32
t 




 s

s

hhhh
hh

hh
hh = 2625.0 kJ/kg 

 

State 4:  p4 = 60 kPa (0.6 bar), saturated liquid → h4 = 359.86 kJ/kg, v4 = 0.0010331 m
3
/kg 

 

State 5:  p5 = 450 kPa (4.50 bar), 
p1

454
45

)(

h

pp
hh



v

 

 

mN 1000

kJ 1

kPa 1

N/m 1000

88.0

kPa)60450(
kg

m
0010331.0

kg

kJ
86.359

2

3

5

















h = 360.32 kJ/kg 

 

State 8:  p8 = 450 kPa (4.5 bar), h8 = 589.13 kJ/kg  

 

State 6:  p6 = 450 kPa (4.50 bar), h6 = 463.28 kJ/kg (see below) → v6 ≈ vf6 = 0.0010520 m
3
/kg 

(assuming the saturated liquid state corresponding to h6 = hf in Table A-2 and interpolating 

for v6 = vf) 

 

An energy balance at the junction of states 5, 6, and 8 gives 

 

kg

kJ
)]13.589)(45.0()32.360)(55.0[()1( 856  yhhyh = 463.28 kJ/kg 

 

State 7:  p7 = 6 MPa (60 bar), h7 = 469.91 kJ/kg  

 

(a) Applying energy and mass balances to the control volume enclosing the process heat 

exchanger 
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s 3600

h 1

kJ/kg )13.5899.2951)(45.0(

kJ/h )105(

)(

8

82

process
1









hhy

Q
m


 = 130.6 kg/s 

 

(b)  For the control volume surrounding the turbine stages 

 

])1([ 3211t hyyhhmW    

 

kJ/s 1000

MW 1

kg

kJ
)]0.2625)(55.0()9.2951)(45.0(0.3517[

s

kg
6.130t 








W = 97.28 MW 

 

For the pumps 

)])(1()[( 45671p hhyhhmW    

 

kJ/s 1000

MW 1

kg

kJ
)]86.35932.360)(55.0()28.46391.469[(

s

kg
6.130p 








W = 0.90 MW 

 

The net power developed by the cycle is 

 

MW )90.028.97(ptcycle  WWW  = 96.38 MW 

 

(c) The rate of entropy production in the turbine is determined using the steady-state form of the 

entropy rate balance: 

cv0 


  e

e

ei

i

i

j j

j
smsm

T

Q
 

 

Since the turbine is adiabatic, the heat transfer term drops.  Thus, 

 

113121cv )1( smsymysmsmsm i

i

ie

e

e     

 

])1([ 1321cv ssyysm    

 

kJ/s 1

kW 1

Kkg

kJ
]9999.6)4528.7)(55.0()2532.7)(45.0[(

s

kg
6.130cv


 = 47.4 kW/K 
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8.82  Figure P8.82 shows a cogeneration cycle that provides power and process heat.  In the 

steam cycle, superheated vapor enters the turbine at 40 bar, 440
o
C and expands isentropically to 

1 bar.  The steam passes through a heat exchanger, which serves as a boiler of the Refrigerant 

134a cycle and the condenser of the steam cycle.  The condensate leaves the heat exchanger as 

saturated liquid at 1 bar and is pumped isentropically to the steam generator pressure.  The rate 

of heat transfer to the working fluid passing through the steam generator of the steam cycle is 13 

MW.  The Refrigerant 134a cycle is an ideal Rankine cycle with refrigerant entering the turbine 

at 16 bar, 100
o
C.  The refrigerant passes through a heat exchanger, which provides process heat 

and acts as a condenser for the Refrigerant 134a cycle.  Saturated liquid exits the heat exchanger 

at 9 bar.  Determine 

(a)  The mass flow rate of steam entering the steam turbine, in kg/s. 

(b)  The mass flow rate of Refrigerant 134a entering the refrigerant turbine, in kg/s. 

(c)  The percent of total power provided by each cycle. 

(d)  The rate of heat transfer provided as process heat, in kW. 

 

KNOWN:  A cogeneration system operates to produce power and process heat.  Operational 

data are provided. 

 

FIND:  Determine (a) the mass flow rate of steam entering the steam turbine, in kg/s, (b) the 

mass flow rate of Refrigerant 134a entering the refrigerant turbine, in kg/s, (c) the percent of 

total power provided by each cycle, and (d) the rate of heat transfer provided as process heat, in 

kW. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
Fig. P8.82 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The turbines and pumps operate isentropically. 
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3. For the heat exchanger, no stray heat transfer occurs with the surroundings. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the heat exchanger and the process heat exchanger. 

 

ANALYSIS:  First fix each principal state. 

 

For the steam cycle: 

 

State 1:  p1 = 40 bar, T1 = 440
o
C → h1 = 3307.1 kJ/kg, s1 = 6.9041 kJ/kg∙K 

 

State 2:  p2 = 1 bar, s2 = s1 = 6.9041 kJ/kg∙K → x2 = 0.9248, h2 = 2505.7 kJ/kg 

 

State 3:  p3 = 1 bar, saturated liquid → h3 = hf3 = 417.46 kJ/kg, v3 = vf3 = 0.0010432 m
3
/kg 

 

State 4:  p4 = p1 = 40 bar, )( 34334 pphh  v  

 

mN 1000

kJ 1

kPa 1

N/m 1000

bar 1

kPa 100
bar )140(

kg

m
0010432.0

kg

kJ
46.417

23

4
















h = 421.53 kJ/kg 

 

For the Refrigerant 134a cycle: 

 

State a:  pa = 16 bar, Ta = 100
o
C → ha = 327.46 kJ/kg, sa = 1.0467 kJ/kg∙K 

 

State b:  pb = 9 bar, sb = sa = 1.0467 kJ/kg∙K → hb = 312.74 kJ/kg 

 

State c:  pc = 9 bar, saturated liquid → hc = hfc = 99.56 kJ/kg, vc = vfc = 0.0008576 m
3
/kg 

 

State d:  pd = pa = 16 bar, )( cdccd pphh  v  

 

mN 1000

kJ 1

kPa 1

N/m 1000

bar 1

kPa 100
bar )916(

kg

m
0008576.0

kg

kJ
56.99

23

d
















h = 100.16 kJ/kg 

 

(a) Applying energy and mass balances to the control volume enclosing the steam generator 

 

kW 1

kJ/s 1

kJ/kg )53.4211.3307(

kW 3,0001

41

in
steam







hh

Q
m


 = 4.505kg/s 

 

(b) Applying energy and mass balances to the control volume enclosing the heat exchanger 

 

kJ/kg )16.10046.327(

kJ/kg )46.4177.2505(kg/s) 505.4(

)(

)(

da

32steam
R134a











hh

hhm
m


 = 41.39 kg/s 

 

(c)  Determine the net power developed by each cycle to calculate the percent power developed 

by each cycle.  The net power developed by the steam cycle is  
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p1t1cycle steam WWW    

 

)]()[( 3421steamcycle steam hhhhmW    

 

kJ/s 1

kW 1

kg

kJ
)]46.41753.421()7.25051.3307[(

s

kg
505.4cycle steam 








W = 3592 kW 

 

The net power developed by the Refrigerant 134a cycle is 

 

p2t2cycle R134a WWW    

 

)]()[( cdbaR134acycle R134a hhhhmW    

 

kJ/s 1

kW 1

kg

kJ
)]56.9916.100()74.31246.327[(

s

kg
39.41cycle R134a 








W = 584 kW 

 

The total net power developed by both cycles is 

 

cycle R134acycle steamcycle WWW    

 

kW )5843592(cycle W = 4176 kW 

 

Solving for the percent of power provided by each cycle gives 

 

Steam Cycle:  % Power = 
kW 4176

kW 3592

cycle

cycle steam


W

W




= 0.860 (86.0%) 

 

 

Refrigerant 134a Cycle:  % Power = 
kW 4176

kW 584

cycle

cycle R134a


W

W




= 0.140 (14.0%) 

 

(d)  The rate of heat transfer for process heat is determined by writing a mass and energy rate 

balance for the Refrigerant 134a line through the process heat exchanger. 

 

kJ/s 1

kW 1
kJ/kg )56.9974.312(kg/s) 39.41()( cbR134aprocess  hhmQ  = 8824 kW 

 

Alternatively, the rate of heat transfer for process heat can be determined from an overall cycle 

energy balance. 

 

kW )4176000,13(cycleinprocess  WQQ  = 8824 kW 
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8.83  In a cogeneration system, a Rankine cycle operates with steam entering the turbine at a rate 

of 15 lb/s at 1000 lbf/in.
2
, 800

o
F, and a condenser pressure of 200 lbf/in.

2
  The isentropic turbine 

efficiency is 85% while the pump operates isentropically.  Energy rejected by the condensing 

steam is transferred to a separate process stream of water entering at 280
o
F, 150 lbf/in.

2
 and 

exiting as saturated vapor at 150 lbf/in.
2
  Determine the mass flow rate, in lb/s, for the process 

stream.  Based on the increase in exergy of the steam passing through the steam generator, devise 

and evaluate an exergetic efficiency for the overall cogeneration system.  Let T0 = 70
o
F, p0 = 

14.7 lbf/in.
2
 

 

KNOWN:  Water is the working fluid in a Rankine cycle used for cogeneration.  The cycle 

produces power, and energy rejected from the condensing steam is transferred to a separate 

process stream.  Data are known at various locations. 

 

FIND:  Determine the mass flow rate, in lb/s, for the process stream and devise and evaluate an 

exergetic efficiency for the overall cogeneration system. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The pump operates isentropically. 

3. For the turbine and condenser, no stray heat transfer occurs with the surroundings. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the condenser. 

6. T0 = 70
o
F = 530

 o
R, p0 = 14.7 lbf/in.

2
 

 

ANALYSIS:  First fix each principal state. 
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State 1:  p1 = 1000 lbf/in.
2
, T1 = 800

o
F → h1 = 1388.5 Btu/lb, s1 = 1.5665 Btu/lb∙

o
R 

 

State 2s:  p2s = 200 lbf/in.
2
, s2s = s1 = 1.5665 Btu/lb ∙

 o
R → h2s = 1216.6 Btu/lb 

 

State 2:  p2 = 200 lbf/in.
2
, h2 = 1242.4 Btu/lb (see below) → s2 = 1.5956 Btu/lb∙

o
R 

 

lb

Btu
)6.12165.1388)(85.0(

lb

Btu
5.1388)( 21t12

21

21
t 




 s

s

hhhh
hh

hh
hh = 1242.4 Btu/lb 

 

State 3:  p3 = 200 lbf/in.
2
, saturated liquid → h3 = hf3 = 355.6 Btu/lb, v3 = vf3 = 0.01839 ft

3
/lb,  

s3 = sf3 = 0.5440 Btu/ lb∙
o
R 

 

State 4:  p4 = p1 = 1000 lbf/in.
2
, s4 = s3 = 0.5440 Btu/ lb∙

o
R → )( 34334 pphh  v  

 

lbfft 787

Btu 1

ft 1

in 144

in

lbf
 )2001000(

lb

ft
01839.0

lb

Btu
6.355

2

2

2

3

4
















h = 358.3 Btu/lb 

 

State 5:  p5 = 150 lbf/in.
2
, T5 = 280

o
F → sub-cooled liquid.  Thus, with Eq. 3.14 we get   

 

h5 ≈ hf5 (@ 280
o
F) = 249.2 Btu/lb and s5 ≈ sf5 (@ 280

o
F) = 0.4099 Btu/lb∙

o
R 

 

State 6:  p6 = 150 lbf/in.
2
, saturated vapor → h6 = hg6 = 1194.9 Btu/lb,  

s6 = sg6 =1.5704 Btu/lb∙
o
R 

 

The mass flow rate of the process stream can be determined by writing an energy balance for the 

condenser.  With no stray heat transfer with the surroundings and no work, the energy balance 

for the condenser reduces to 

 

)()(0 65process32 hhmhhm    

 

where m is the mass flow rate of the steam and processm is the mass flow rate of the process 

stream.  Rearranging to solve for the mass flow rate of the process stream gives 

 

)(

)(

56

32
process

hh

hhm
m







  

 

Substituting values and solving give  

 

 

Btu/lb )2.249.91194(

Btu/lb )6.355.41242(lb/s) 15(
process




m = 14.1 lb/s 

 

For the cogeneration system, the cycle net work and the exergy transferred to the process stream 

are the outputs, and the exergy increase of the working fluid passing through the steam generator 



 3 

is the input.  The difference between the input and output represents exergy destroyed due to 

irreversibilities.  Thus, a reasonable exergetic efficiency is 

 

ϵ
inputexergy  of rate

outputexergy  of ratenet 
  

 

ϵ
)(

)(

f4f1

f5f6processcycle

ee

ee






m

mW




 

 

Evaluating the various quantities in this expression 

 

)]()[( 3421ptcycle hhhhmWWW    

 

lb

Btu
)]6.3553.358()4.12425.1388[(

s

lb
15cycle 








W = 2151 Btu/s 

 

ef6 – ef5 = [(h6 – h5) – T0(s6 – s5)] 

 

ef6 – ef5 =     











Rlb

Btu
4099.05704.1R)305(

lb

Btu
2.2499.1194


 = 330.6 Btu/lb 

 

ef1 – ef4 = [(h1 – h4) – T0(s1 – s4)] 

 

ef1 – ef4 =     











Rlb

Btu
5440.05665.1R)305(

lb

Btu
3.3585.1388


 = 488.3 Btu/lb 

 

Thus, 

 

ϵ






































lb

Btu
3.488

s

lb
15

lb

Btu
6.330

s

lb
1.14

s

Btu
2151

= 0.9301 (93.01%) 

 

 

In this case the very significant exergy destruction accompanying combustion of fuel in the 

steam generator is not considered.  As indicated in Table 8.4 approximately 30% of the exergy 

entering the steam generator with the fuel is destroyed during combustion.   The exergy 

increase of the working fluid as it passes through the steam generator and reheater is the 

remaining 70% of exergy from the fuel.  Thus the overall exergetic efficiency is much less 

than the value calculated. 
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8.88  Determine the rate of exergy input, in Btu/s, to the working fluid passing through the steam 

generator in Problem 8.73.  Perform calculations to account for all outputs, losses, and 

destructions of this exergy.  Let T0 = 60
o
F, p0 = 14.7 lbf/in.

2
 

 

KNOWN:  A reheat-regenerative Rankine cycle with one closed feedwater heater and one open 

feedwater heater operates with water as the working fluid.  The net power output of the cycle is 

given. 

 

FIND:  Determine the rate of exergy input, in Btu/s, to the working fluid passing through the 

steam generator and account for the disposition of this exergy. 

 

SCHEMATIC AND GIVEN DATA: 
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 T-s diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ENGINEERING MODEL: 

1.  Each component is analyzed as a control volume at steady state.  The control volumes are 

shown on the accompanying sketch by dashed lines. 

2.  The turbine and pumps each operate adiabatically with an isentropic efficiency of 85%. 

3.  Flow through the boiler, reheater, closed feedwater heater, open feedwater heater, and 

condenser is at constant pressure. 

4.  Kinetic and potential energy effects are negligible. 

5.  Condensate exits the condenser, the closed feedwater heater, and the open feedwater heater as 

saturated liquid. 

6.  There is no heat transfer between the outside of the condenser and the surroundings. 

7.  There is no heat transfer between the outside of the closed feedwater heater and the 

surroundings. 

8.  There is no heat transfer between the outside of the open feedwater heater and the 

surroundings. 

9.  Let T0 = 60
o
F and p0 = 14.7 lbf/in.

2
 

 

ANALYSIS:  First, fix each of the principal states (from problem 8.73 solution). 

 

State 1:  p1 = 1400 lbf/in.
2
, T1 = 1000

o
F → From Table A-4E:  h1 = 1493.5 Btu/lb and   

s1 = 1.6094 Btu/(lb∙
o
R) 

 

State 2s:  p2s = p2 = 500 lbf/in.
2
, s2s = s1 → From Table A-4E (interpolated):  h2s = 1354.71 Btu/lb 

 

State 2:  p2 = 500 lbf/in.
2
, h6 = 1375.55 Btu/lb (see below) → From Table A-4E (interpolated):  

s2 = 1.6268 Btu/(lb∙
o
R) 
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h2 = h1 – t(h1 – h2s) 

 

h2 = 1493.5 Btu/lb – 0.85(1493.5 – 1354.71) Btu/lb = 1375.55 Btu/lb 

 

State 3:  p3 = 500 lbf/in.
2
, State 3 is the same state as State 2 → h3 = 1375.55 Btu/lb,  

s3 = 1.6268 Btu/(lb∙
o
R) 

 

State 4:  p4 = 500 lbf/in.
2
, T4 = 900

o
F → From Table A-4E:  h4 = 1466.5 Btu/lb and   

s4 = 1.6987 Btu/(lb∙
o
R) 

 

State 5s:  p5s = p5 = 120 lbf/in.
2
, s5s = s4 → From Table A-4E (interpolated):  h5s = 1289.09 Btu/lb 

 

State 5:  p5 = 120 lbf/in.
2
, h6 = 1315.70 Btu/lb (see below) → From Table A-4E (interpolated):  

s5 = 1.7251 Btu/(lb∙
o
R) 

h5 = h4 – t(h4 – h5s) 

 

h5 = 1466.5 Btu/lb – 0.85(1466.5 – 1289.09) Btu/lb = 1315.70 Btu/lb 

 

State 6s:  p6s = p6 = 2 lbf/in.
2
, s6s = s5 = 1.7251 Btu/(lb∙

o
R) → x6s = 0.8884, h6s = 1002.05 Btu/lb 

 

State 6:  p6 = 2 lbf/in
2
, h6 = 1049.10 Btu/lb (see below) → x6 = 0.9344, s6 = 1.9083 Btu/(lb∙

o
R) 

 

h6 = h5 – t(h5 – h6s) 

 

h6 = 1315.70 Btu/lb – 0.85(1315.70 – 1002.05) Btu/lb = 1049.10 Btu/lb 

 

State 7:  p7 = p6 = 2 lbf/in.
2
, sat liq. → From Table A-3E:  h7 = hf7 = 94.02 Btu/lb,  

v7 = vf7 = 0.01623 ft
3
/lb, s7 = sf7 = 0.1750 Btu/(lb∙

o
R) 

 

State 8:  p8 = p5 = 120 lbf/in.
2
, h8 = 94.44 Btu/lb (see below) → s8 ≈ 0.1757 Btu/(lb∙

o
R) 

(assuming the saturated liquid state corresponding to h8 = hf in Table A-2E and interpolating 

for s8 = sf) 

h8 = h7 +
 

p1

787



pp v
 

h8 = 94.02 Btu/lb +

 

lbfft 778

Btu 1

ft

in 144

85.0

in

lbf
2120

lb

ft
01623.0

2

22

3


























= 94.44 Btu/lb 

 

State 9:  p9 = p5 = 120 lbf/in.
2
, sat liq. → From Table A-3E:  h9 = hf9 = 312.7 Btu/lb,  

v9 = vf9 = 0.01789 ft
3
/lb, s9 = sf9 = 0.4920 Btu/(lb∙

o
R) 
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State 10:  p10 = p1 = 1400 lbf/in.
2
, h10 = 338.64 Btu/lb (see below) → s10 ≈ 0.5237 Btu/(lb∙

o
R) 

(assuming the saturated liquid state corresponding to h10 = hf in Table A-2E and interpolating 

for s8 = sf) 

h10 = h9 +
 

p2

9109



pp v
 

 

h10 = 312.7 Btu/lb +

 

lbfft 778

Btu 1

ft

in 144

85.0

in

lbf
1201400

lb

ft
01789.0

2

22

3


























= 339.64 Btu/lb 

 

State 11:  p11 = p1 = 1400 lbf/in.
2
, T11 = Tsat @ p = 500 lbf/in.

2
 = 477.07

o
F. → From Table A-2E 

(compressed liquid) (interpolated):  h11 ≈ hf11 = 460.93 Btu/lb, s11 ≈ sf11 = 0.6611 Btu/(lb∙
o
R) 

 

State 12:  p12 = p2 = 500 lbf/in.
2
, sat liq. → From Table A-3E:  h12 = hf12 = 449.5 Btu/lb,  

s12 = sf12 = 0.6490 Btu/(lb∙
o
R) 

 

State 13:  p13 = p5 = 120 lbf/in.
2
, throttling process (h13 = h12 = 449.5 Btu/lb) → x13 = 0.1557,  

s13 = 0.6627 Btu/(lb∙
o
R) 

 

(a)  The mass flow rate of steam entering the first stage of the turbine can be determined from the 

definition of the net power output of the cycle 

 

2p1p3t2t1tcycle WWWWWW    

 

Let 1m  be the mass flow rate of the steam entering the first stage of the turbine.  Mass and 

energy balances for control volumes around the three turbine stages and the two pumps give, 

respectively 

 

1t1 mW   (h1 – h2) 

1t2 mW   (1– y')(h4 – h5) 

1t3 mW   (1– y'–y'')(h5 – h6) 

1p1 mW   (1– y'–y'')(h8 – h7) 

1p2 mW   (h10 – h9)   

 

where y' and y'' are the fractions of steam extracted after the first and second turbine stages, 

respectively. 

 

Substituting for net power output of the cycle 

 

cycleW = 1m (h1 – h2) + 1m (1– y')(h4 – h5) + 1m (1– y'–y'')(h5 – h6) – 1m (1– y'–y'')(h8 – h7) – 1m ( h10 – h9) 
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Solving for 1m  

1m =
            91078655421

cycle

'''1'''1'1 hhhhyyhhyyhhyhh

W




 

 

The mass fractions y' and y'' are both unknown.  First, analyze the closed feedwater heater to 

determine y'.  Mass and energy balances for a control volume around the closed feedwater heater 

give 

y' = 

lb

Btu
5.449

lb

Btu
55.1375

lb

Btu
64.339

lb

Btu
93.460

122

1011










hh

hh
= 0.131 

 

Now we can analyze the open feedwater heater to determine y''.  Mass and energy balances for a 

control volume around the open feedwater heater give 

 

y'' = 
85

13889 )('

hh

hhyhh




 

 

y'' = 

lb

Btu
44.94

lb

Btu
70.1315

lb

Btu
5.449

lb

Btu
44.94131.0

lb

Btu
44.94

lb

Btu
7.312













= 0.141 

Thus, 

 

(1 – y') = 1 – 0.131 = 0.869     and     (1 – y' – y'') = 1 – 0.131 – 0.141 = 0.728 

 

Substituting values and solving for 1m  

 

1m =  

             
lb

Btu
7.31264.33902.9444.94728.010.104970.1315728.070.13155.1466869.055.13755.1493

s 3600

h 1

h

Btu
101 9





 

1m = 668.0 lb/s 

 

(End of solution from problem 8.73) 

 

To conduct an exergy balance, determine input, output, losses, and destruction of exergy for the 

cycle: 

 

Input:  Rate of exergy input to the working fluid in the steam generator/reheater is 
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1m [(ef1 – ef11) + (1 – y')(ef4 – ef3)] =  

1m {[(h1 – h11) – T0(s1 – s11)] + (1 – y')[(h4 – h3) – T0(s4 – s3)]} 

 

1m [(ef1 – ef11) + (1 – y')(ef4 – ef3)] =  

    

    
















































Rlb

Btu
6268.16987.1R520

lb

Btu
55.13755.1466)869.0(

Rlb

Btu
6611.06094.1R520

lb

Btu
93.4605.1493

s

lb
0.668  

 

1m [(ef1 – ef11) + (1 – y')(ef4 – ef3)] = 3.91 ×10
5
 Btu/s 

 

Output:  Exergy output from the cycle is the net cycle work given. 

 

cycleW = 1 ×10
9
 Btu/h = 2.78 ×10

5
 Btu/s 

 

Loss:  Exergy loss from the cycle occurs in the condenser. 

 

Condenser loss = 1m (1 – y'– y'')(ef6 – ef7) = 1m (1 – y'– y'')[(h6 – h7) – T0(s6 – s7)] 

 

Condenser loss =      



















Rlb

Btu
1750.09083.1R520

lb

Btu
02.9410.1049)728.0(

s

lb
0.668  

 

Condenser loss = 2.61 ×10
4
 Btu/s 

 

Destruction:  Exergy is destroyed in the turbine, pumps, feedwater heaters, and trap. 

 

For the turbine:  
 

E d = ])'1()'''1('')'1('[ 41653210cv0 syssyysysysymTT    

 

E d = (520
o
R)

Rlb

Btu

)6987.1)(869.0(6094.1)9083.1)(728.0(

)7251.1)(141.0()6268.1)(869.0()6268.1)(131.0(

s

lb
0.668






















 

 

E d = 6.03 × 10
4
 Btu/s 

 

For the pumps: 
 

Pump 1:    E d =  7810cv0 )'''1( ssyymTT    

 

E d = (520
o
R) 






















Rlb

Btu
1750.0

Rlb

Btu
1757.0)728.0(

s

lb
0.668 = 1.77 × 10

2
 Btu/s 
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Pump 2:    E d =  91010cv0 ssmTT    

 

E d = (520
o
R) 






















Rlb

Btu
4920.0

Rlb

Btu
5237.0

s

lb
0.668 = 1.10 × 10

4
 Btu/s 

 

For the closed feedwater heater:   
 

E d = cv0T =     212101110 ' ssyssmT   

 

 

E d = (520
o
R) 









s

lb
0.668  















































Rlb

Btu
6268.1

Rlb

Btu
6490.0)131.0(

Rlb

Btu
5237.0

Rlb

Btu
6611.0

= 3.23 × 10
3
 Btu/s 

 

For the open feedwater heater:   
 

E d = cv0T =  1385910 ')'''1('' sysyysysmT   

 

 

E d = (520
o
R) 









s

lb
0.668  

Rlb

Btu

)6627.0)(131.0()1757.0)(728.0(

)7251.1)(141.0(4920.0














= 1.18 × 10

4
 Btu/s 

 

For the trap: 
 

E d =  121310cv0 ' ssymTT    

 

E d = (520
o
R) 






















Rlb

Btu
6490.0

Rlb

Btu
6627.0)131.0(

s

lb
0.668 = 6.23 × 10

2
 Btu/s 

 

Total Exergy Destroyed = 8.71 ×10
4
 Btu/s 

 

Summary: 

 

Input: 3.91 ×10
5
 Btu/s Output: 

Loss: 

Destroyed: 

2.78 ×10
5
 Btu/s  (71%) 

2.61 ×10
4
 Btu/s  (7%) 

8.71 ×10
4
 Btu/s  (22%) 

3.91 ×10
5
 Btu/s  (100%) 

 

In this case the very significant exergy destruction accompanying combustion of fuel in the 

steam generator is not considered.  As indicated in Table 8.4 approximately 30% of the exergy 
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entering the steam generator with the fuel is destroyed during combustion.   The exergy 

increase of the working fluid as it passes through the steam generator and reheater is the 

remaining 70% of exergy from the fuel.  Of this, most becomes useful output from the cycle, 

followed by exergy destroyed in various devices, and exergy loss from the condenser. 
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8.89  For the power plant in Problem 8.74, develop  a full accounting, in MW, of the rate of exergy 

increase as the working fluid passes through the steam generator and reheater with a mass  flow rate 

of 10 kg/s.  Let T0 = 20
o
C, p0 = 1 bar. 

 

KNOWN:  A regenerative vapor power cycle with three closed feedwater heaters, one open 

feedwater heater, and reheat operates with steam as the working fluid.  Operational data are 

provided in Problem 8.74. 

 

FIND:  Develop a full accounting, in MW, of the net rate of exergy increase as the working fluid 

passes through the steam generator and reheater. 

 

SCHEMATIC AND GIVEN DATA: 

 

State 
p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x State 

p 

(kPa) 

T 

(
o
C) 

h 

(kJ/kg) 

s 

(kJ/kg∙K) 
x 

1 16,000 600 3573.5 6.6399 -- 12 800  721.11 2.0462 0 

2 8,000  3334.7 6.6399 -- 13 16,000  738.05 2.0837 -- 

3 4,000  3129.2 6.6399 -- 14 16,000  1067.3 2.7584 -- 

4 2,000  2953.6 6.6399 -- 15 8,000  1316.6 3.2068 0 

5 2,000 500 3467.6 7.4317 -- 16 4,000  1316.6 3.2344 0.1338 

6 800  3172.1 7.4317 -- 17 4,000  1087.3 2.7964 0 

7 200  2824.7 7.4317 -- 18 800  1087.3 2.8716 0.1788 

8 10  2355.4 7.4317 0.9042 19 200  504.70 1.5301 0 

9 10  191.83 0.6493 0 20 10  504.70 1.6304 0.1308 

10 800  192.63 0.6517 -- 21 16,000  1269.1 3.1245 -- 

11 800  595.92 1.7553 --       

P8.74 

 

Fraction of flow extracted at location 2:  y' = 0.1000. 

Fraction of flow extracted at location 3:  y'' = 0.1500. 

Fraction of flow extracted at location 6:  y''' = 0.0009. 

Fraction of flow extracted at location 7:  y'''' = 0.1302. 

 

Mass fraction summary: 

y' = 0.1000 

y'' = 0.1500 

y' + y'' = 0.2500 

(1 − y' − y'') = 0.7500 

y''' = 0.0009 

(1 − y' − y'' − y''') = 0.7491 

y'''' = 0.1302 

(1 − y' − y'' − y''' − y'''') = 0.6189 
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ENGINEERING MODEL: 

1. Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The expansions through the turbine stages occur isentropically. 

3. The turbines, pumps, closed feedwater heaters, open feedwater heater, and traps operate 

adiabatically. 

4. Kinetic and potential energy effects are negligible. 

5. Saturated liquid exits the open feedwater heater, closed feedwater heaters at their extraction 

pressures, and condenser. 

6.  Let T0 = 20
o
C = 293 K, p0 = 1 bar. 

 

ANALYSIS:   

 

Input:  Rate of exergy input to the working fluid in the steam generator/reheater is 

 

1m [(ef1 – ef21) + (1 – y' – y'')(ef5 – ef4)] 

 

Solving for differences in specific flow exergy 

 

ef1 – ef21 = [(h1 – h21) – T0(s1 – s21)] 

 

ef1 – ef21 =      











Kk

kJ
1245.363997.6K 293

kg

kJ
1.12695.3573

g
= 1274.37 kJ/kg 

 

tW

6

Deaerating

Open

Heater outQ

p2W

13

21

1

Steam

Generator

inQ
4

5Reheat

Section

Closed

Heater
14

Closed

Heater

32

12

15 16

11

Closed

Heater

7

p1W19

10 9

20

Condenser

8

17 18

Main boiler

feed pump

Condensate

pump
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ef5 – ef4 = [(h5 – h4) – T0(s5 – s4)] 

 

ef5 – ef4 =      











Kk

kJ
6399.64317.7K 293

kg

kJ
6.29536.3467

g
= 282.00 kJ/kg 

 

Substituting values and solving for rate of exergy input give 

 

1m [(ef1 – ef21) + (1 – y' – y'')(ef5 – ef4)] =  
kJ/s 1

kW 1

kg

kJ
)00.282)(7500.0(37.1274

s

kg
10 








 

 

1m [(ef1 – ef21) + (1 – y' – y'')(ef5 – ef4)] = 14,859 kW = 14.859 MW 

 

 

To conduct an exergy balance, determine output, losses, and destruction of exergy for the cycle: 

 

Output:  Rate of exergy output from the cycle is the net cycle power. 

 

For an overall control volume enclosing the turbine stages, an energy balance on the basis of a unit 

of mass entering reads 

 

87643251
1

t )''''''''''1(''''''')'''1(''')'''1( hyyyyhyhyhyyhyhyhyyh
m

W





 

 

Substituting enthalpy values and appropriate flow mass fractions gives 

 

kg

kJ
)]4.2355)(6189.0()7.2824)(1302.0()1.3172)(0009.0(         

)6.2953)(7500.0()2.3129)(1500.0()7.3334)(1000.0()6.3467)(7500.0(5.3573[
1

t




m

W





 

1

t

m

W




= 1327.8 kJ/kg 

For the pumps 

))(''''''1( 9101213
1

p
hhyyyhh

m

W





 

 

kg

kJ
)]83.19163.192)(7491.0(11.72105.738[

1

p


m

W




= 17.54 kJ/kg 

 

Solving for the net power produced by the cycle gives 
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kJ/s 1

kW 1

kg

kJ
)54.178.1327(

s

kg
10

1

p

1

t
1cycle 

























m

W

m

W
mW








 = 13,103 kW = 13.103 MW 

 

Loss:  Exergy loss from the cycle occurs in the condenser. 

 

Condenser loss = 1m (1 – y'– y''– y'''– y'''')ef8 + 1m  y''''ef20 – 1m (1 – y'– y''– y''')ef9 

 

Rearranging gives 

 

Condenser loss = 1m [(1 – y' – y'' – y''')(ef8 – ef9) + y''''(ef20 – ef8)] 

 

Solving for differences in specific flow exergy 

 

ef8 – ef9 = [(h8 – h9) – T0(s8 – s9)] 

 

ef8 – ef9 =      











Kk

kJ
6493.04317.7K 293

kg

kJ
83.1914.2355

g
= 176.33 kJ/kg 

 

ef20 – ef8 = [(h20 – h8) – T0(s20 – s8)] 

 

ef20 – ef8 =      











Kk

kJ
4317.76304.1K 293

kg

kJ
4.235570.504

g
= –150.92 kJ/kg 

 

Substituting values and solving for rate of exergy loss in the condenser give 

 

Condenser loss =  
kJ/s 1

kW 1

kg

kJ
)92.150)(1302.0()33.176)(7491.0(

s

kg
10 








= 1124 kW = 1.124 MW  

 

Destruction:  Since the turbine operates isentropically, no exergy is destroyed in the turbine.  

Exergy is destroyed in the pumps, closed feedwater heaters, open feedwater heater, and traps. 

 

For the pumps:   
 

Pump 1: 
 

E d = cv0T =   91010 )''''''1( ssyyymT   

 

E d = (293
 
K) 









s

kg
10   

kJ/s 1

kW 1

Kkg

kJ
6493.06517.0)7491.0(


 = 5.3 kW 

 

 

Pump 2: 
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E d = cv0T =  121310 ssmT   

 

E d = (293
 
K) 









s

kg
10  

kJ/s 1

kW 1

Kkg

kJ
0462.20837.2


  

 

E d = 110 kW 

 

For the closed feedwater heater:   
 

Closed feedwater heater 1: 
 

E d = cv0T =     215142110 ' ssyssmT   

 

E d = (293
 
K) 









s

kg
10     

kJ/s 1

kW 1

Kkg

kJ
6399.62068.3)1000.0(7584.21245.3


 = 67 kW 

 

Closed feedwater heater 2: 
 

E d = cv0T =  16133171410 ''')'''( syssysyysmT   

 

E d = (293
 
K) 









s

kg
10

kJ/s 1

kW 1

Kkg

kJ

)2344.3)(1000.0(0837.2

)6399.6)(1500.0()7964.2)(2500.0(7584.2














 

 

E d = 159 kW 

 

Closed feedwater heater 3: 
 

E d = cv0T =     101171910 )''''''1('''' ssyyyssymT   

 

 

E d = (293
 
K) 









s

kg
10     

kJ/s 1

kW 1

Kkg

kJ
6517.07553.1)7491.0(4317.75301.1)1302.0(


  

E d = 171 kW 

 

For the open feedwater heater:   
 

E d = cv0T =  181161210 )'''()''''''1(''' syysyyysysmT   

 

 



 6 

E d = (293
 
K) 









s

kg
10

kJ/s 1

kW 1

Kkg

kJ

)8716.2)(2500.0()7553.1)(7491.0(

)4317.7)(0009.0(0462.2














= 20 kW 

 

For the traps: 
 

Trap 1: 

E d =  151610cv0 ' ssymTT    

 

E d = (293
 
K)  

kJ/s 1

kW 1

Kkg

kJ
2068.32344.3)1000.0(

s

kg
10











= 8.1 kW 

 

Trap 2: 

E d =  171810cv0 )'''( ssyymTT    

 

E d = (293
 
K)  

kJ/s 1

kW 1

Kkg

kJ
7964.28716.2)2500.0(

s

kg
10











= 55 kW 

 

Trap 3: 

E d =  192010cv0 '''' ssymTT    

 

E d = (293
 
K)  

kJ/s 1

kW 1

Kkg

kJ
5301.16304.1)1302.0(

s

kg
10











= 38 kW 

 

Total Exergy Destroyed = 633.4 kW = 0.633 MW 

 

Summary 

Input: 

 

14.859 MW 

 

Output: 

Loss: 

Destroyed: 

13.103 MW 

1.124 MW  

0.633 MW 

14.860 MW 

 

The slight difference in exergy input (exergy increase of the working fluid as it passes through 

the steam generator and reheater) and the sum of exergy output, loss, and destroyed is due to 

round-off in intermediate calculations.  In this case the very significant exergy destruction 

accompanying combustion of fuel in the steam generator is not considered.  As indicated in Table 

8.4 approximately 30% of the exergy entering the steam generator with the fuel is destroyed 

during combustion.   The exergy increase of the working fluid as it passes through the steam 

generator and reheater is the remaining 70% of exergy from the fuel.  Of this, most becomes 

useful output from the cycle, followed by exergy loss from the condenser, and exergy destroyed in 

various devices.  However, the significant exergy destruction that would occur in the turbines is 

not considered in the present analysis.  As shown by the data of Table 8.4, the total exergy 

destroyed in the turbines could be on the order of 5%, or more, of the exergy increase. 
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8.90 Determine the rate of exergy input, in Btu/h, to the working fluid passing through the steam 

generator in Problem 8.78.  Perform calculations to account for all outputs, losses, and 

destructions of this exergy.  For the process heat exchanger, assume the temperature at which 

heat transfer occurs is 465
o
F.  Let T0 = 60

o
F, p0 = 14.7 lbf/in.

2
 

 

KNOWN:  A vapor power cycle operates with steam to produce process heat and power.  

Operational data are provided. 

 

FIND:  Determine the rate of exergy input, in Btu/h, to the working fluid passing through the 

steam generator and account for the disposition of this exergy. 

 

SCHEMATIC AND GIVEN DATA: 

 

 
 

 

ENGINEERING MODEL: 

1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 

volumes are shown on the accompanying sketch by dashed lines. 

2. The turbine and pump operate adiabatically. 

3. Kinetic and potential energy effects are negligible. 

4. For the process heat exchanger, the temperature at which heat transfer occurs is 465
o
F. 

5. T0 = 60
o
F, p0 = 14.7 lbf/in.

2
 

 

ANALYSIS:  (Results from Problem 8.78 are as follows): 

 

State 1:  p1 = 500 lbf/in.
2
, T1 = 800

o
F → h1 = 1412.1 Btu/lb, s1 = 1.6571 Btu/lb∙

o
R 

 

State 2s:  p2s = p2 = 10 lbf/in.
2
, s2s = s1 = 1.6571 Btu/lb∙

o
R → x2s = 0.9132, h2s = 1058.1 Btu/lb 

 

tWTurbine

Condenser

Pump

pW

3

4

1
Steam

Generator

inQ

p3 = 10 lbf/in.2

saturated liquid

p2 = 10 lbf/in.2

p4 = 500 lbf/in.2

saturated liquid
outQ

p1 = 500 lbf/in.2

T1 = 800oF

5

2

ht = 85%

Heat

Exchanger

lb/h 108 4
1 m

●

(y)

(1 − y)

6

hp = 89%

processQ
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State 2:  p2 = 10 lbf/in.
2
, h2 = 1111.2 Btu/lb (see below) → x2 = 0.9673, s2 = 1.7385 Btu/lb∙

o
R 

 

lb

Btu
)1.10581.1412)(85.0(

lb

Btu
1.1412)( 21t12

21

21
t 




 s

s

hhhh
hh

hh
hh = 1111.2 Btu/lb 

 

State 3:  p3 = 10 lbf/in.
2
, saturated liquid → h3 = 161.23 Btu/lb, s3 = 0.2836 Btu/lb∙

o
R, 

v3 = 0.01659 ft
3
/lb 

 

State 4:  p4 = 500 lbf/in.
2
, saturated liquid → h4 = 449.5 Btu/lb, s4 = 0.6490 Btu/lb∙

o
R, 

 

State 5:  p5 = 10 lbf/in.
2
, h5 = h4 =449.5 Btu/lb → x5 = 0.2935, s5 = 0.7251 Btu/lb∙

o
R 

 

State 6:  p6 = 500 lbf/in.
2
, 

p

363
36

)(

h

pp
hh



v

= 162.92 Btu/lb (see below) →  

s6 = 0.2862 Btu/lb∙
o
R  (assuming the saturated liquid state corresponding to h6 = hf in Table  

A-2E and interpolating for s6 = s f) 
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h = 162.92 Btu/lb 

 

 

(a)  Applying energy and mass balances to the control volume enclosing the heat exchanger 

 

)( 411process hhmyQ    

 

where y = 0.12 is the fraction of steam passing through the heat exchanger. 
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Q = 9.241 × 10

6
 Btu/h 

 

(b) The net power developed by the cycle is 

 

ptcycle WWW    

 

For the control volume surrounding the turbine  

 

)()1( 211t hhmyW    
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W = 21.183 × 10

6
 Btu/h 

 

For the pump 

)( 361p hhmW    

 



 3 

lb

Btu
)23.16192.162(

h

lb
108 4
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W = 0.135 × 10

6
 Btu/h 

 

Substituting values gives 

 

cycleW = 21.183 × 10
6
 Btu/h − 0.135 × 10

6
 Btu/h = 21.048 × 10

6
 Btu/h 

 

Applying energy and mass balances to the control volume enclosing the steam generator 

 

)( 611in hhmQ    

 

lb

Btu
)92.1621.1412(

h

lb
108 4

in 







Q = 99.934 × 10

6
 Btu/h 

 

(End of results from problem 8.78) 

 

Input:  Rate of exergy input to the working fluid in the steam generator/reheater is 

 

1m (ef1 – ef6) = 1m [(h1 – h6) – T0(s1 – s6)] 

 

1m (ef1 – ef6) =     




















Rlb

Btu
2862.06571.1R)205(

lb

Btu
92.1621.1412

h

lb
108 4


  

1m (ef1 – ef6)  = 42.905 × 10
6
 Btu/h 

 

 

To conduct an exergy balance, determine outputs, losses, and destruction of exergy for the cycle: 

 

Output:  Rate of exergy output from the cycle is the net cycle power developed by the cycle and 

the rate of exergy associated with the process heat. 

 

The net cycle power developed calculated above is 

 

cycleW = 21.048 × 10
6
 Btu/h 

 

The rate of exergy output with the process heat is 

 

j
j

Q
T
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 0

q 1E  

 

Converting temperatures to absolute scale, T0 = 520
o
R and Tj = 925

o
R and substituting the rate of 

heat transfer from the process heat exchanger determined above ( processQ = 9.241 × 10
6
 Btu/h) 

give 



 4 

 


























h

Btu
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E = 4.046 × 10

6
 Btu/h 

 

The total rate of exergy output is 21.048 × 10
6
 Btu/h + 4.046 × 10

6
 Btu/h = 25.094 × 10

6
 Btu/h 

 

Loss:  Exergy loss from the cycle occurs in the condenser. 

 

Condenser loss = 1m [(1 – y)ef2 + yef5 – ef3] 

Rearranging gives 

 

Condenser loss = 1m [(ef2 – ef3) + y(ef5 – ef2)] 

 

Solving for differences in specific flow exergy 

 

ef2 – ef3 = [(h2 – h3) – T0(s2 – s3)] 

 

ef2 – ef3 =     











Rlb

Btu
2836.07385.1R)205(

lb

Btu
23.1612.1111


 = 193.422 Btu/lb 

 

ef5 – ef2 = [(h5 – h2) – T0(s5 – s2)] 

 

ef5 – ef2 =     
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 = –134.732 Btu/lb 

 

Substituting values and solving for rate of exergy loss in the condenser give 

 

Condenser loss =  
lb

Btu
)732.134)(12.0(422.193

h

lb
108 4 








 = 14.180 × 10

6
 Btu/h 

 

Destruction:  Exergy is destroyed in the turbine, the heat exchanger, the trap, and the pump. 

 

For the Turbine: 
 

E d = cv0T = ))(1( 1210 ssymT   

 

E d =   
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 Btu/h  

 

 

For the Heat Exchanger:   
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where a negative sign is included with the heat transfer value since heat transfer is from the 

working fluid. 

E d = 0.163 × 10
6
 Btu/h  

 

 

For the trap: 
 

E d =  4510cv0 ssymTT    

 

E d =  
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 = 0.380 × 10

6
 Btu/h 

 

For the pump:   
 

E d = cv0T =  3610 ssmT   

 

E d =  
Rlb

Btu
2836.02862.0

h

lb
108R)520( 4o











 = 0.108 × 10

6
 Btu/h 

 

 

Total Exergy Destroyed = 3.631 × 10
6
 Btu/h 

 

Summary 

Input: 42.905 × 10
6
  Btu/h Output: 

Loss: 

Destroyed: 

25.094 × 10
6
 Btu/h 

14.180 × 10
6
 Btu/h  

3.631 × 10
6
 Btu/h 

42.905 × 10
6
 Btu/h 

(58.5%) 

(33.0%) 

(8.5%) 

 

In this case the very significant exergy destruction accompanying combustion of fuel in the 

steam generator is not considered.  As indicated in Table 8.4 approximately 30% of the exergy 

entering the steam generator with the fuel is destroyed during combustion.   The exergy 

increase of the working fluid as it passes through the steam generator and reheater is the 

remaining 70% of exergy from the fuel.  Of this, most becomes useful output from the cycle, 

followed by exergy loss from the condenser, and exergy destroyed in various devices.  The 

significant exergy loss in the condenser (33%) suggests the possibility for improved 

thermodynamic performance. 

 





















































































































































































































































































































































































































































































































Problem 10.3   

 
A Carnot vapor refrigeration cycle operates between thermal reservoirs at 4°C and 30°C. The 

working fluid is saturated vapor at the end of the compression process and saturated liquid at the 

beginning of the expansion process.  For (a) Refrigerant 134a, (b) propane, (c) water, (d) 

ammonia, (e) CO2 (using Fig. A-10), and (f) Refrigerant 410A (using Fig. A-11) as the working 

fluid, determine the operating pressures in the condenser and evaporator, in bar, and the 

coefficient of performance. 

 
Known:  

A Carnot vapor refrigeration cycle operates between known reservoir temperatures. 

 

Find:  

Determine operating pressures in the condenser and evaporator for (a) Refrigerant 134a, (b) 

propane, (c) water, (d) ammonia, (e) CO2, and (f) Refrigerant 410A as the working fluid. 

Calculate the coefficient of performance. 

 

Schematic and Known Data: 

 
 
Engineering Model: 

(1) Each component operates at steady state. 

(2) All processes are internally reversible. 

(3) The condenser and evaporator operate at the respective reservoir temperatures. 

(4) The compression and expansion are adiabatic. 

 

Analysis: 

Determine the operating pressures in the condenser and evaporator at the respective 

temperatures. 

 

(a) Pressure values for Refrigerant 134a from Table A-10 

4 C

30 C

T

s

 

 

1

2

 

 
3

4



                           
                          

 

(b) Pressure values for propane from Table A-16 

                         
                         

 

(c) Pressure values for water from Table A-2 

                            
                           

 

(d) Pressure values for ammonia from Tab. A-13 

                            
                          

 

(e) Pressure values for CO2 from Fig. A-10 

                                 
                                

 

(f) Pressure values for Refrigerant 410A from Fig. A-11 

                                   
                                

 

 

The coefficient of performance is: 

     
  

     
 

   

       
       

  

Comments: 

1. Refrigerant 134a has lower operating pressures than propane, Refrigerant 410A, CO2, and 

ammonia in this cycle. 

2. Water operates at very low pressures and cannot be used to achieve temperatures lower 

than 0° C. 

 
 
 
 
 
 
 
 
 
 
 

1#

2#

















10.7  Plot each of the quantities in Problem 10.6 versus evaporator temperature for evaporator 

pressures ranging from 0.6 to 4 bar, while the condenser pressure remains fixed at 8 bar. 

______________________________________________________________________________ 
 
IT Code 
p1 = 2  // bar 
p2 = 8  // bar  
p3 = p2 
mdot = 7  // kg/min 
 
h1 = hsat_Px("R134A", p1, 1)  
s1 = ssat_Px("R134A", p1, 1) 
T1 = Tsat_P("R134A", p1)  
s2 = s1 
h2 = h_Ps("R134A", p2, s2)  
h3 = hsat_Px("R134A", p3, 0)  
h4 = h3 
 
Wdotc = mdot * (h2 - h1) / (60)  // kW 
Qdotin = mdot * (h1 - h4) / (211)  // tons 
beta = (h1 - h4) / (h2 - h1) 
 
IT Results for p1 = 2 bar 

h1 = 241.3 kJ/kg 
h2 = 269.9 kJ/kg 
h3 = 93.42 kJ/kg 
h4 = 93.42 kJ/kg 
 
T1 = -10.09 oC 

= 3.337 kW 

 = 4.906 tons 

β = 5.169 

 

Plots: 
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Problem 10.7 (Continued) – Page 2 
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Discussion  
 

Evaporator temperature increases as evaporator pressure increases.  For reference, the relation 

between evaporator temperature and pressure is shown below:   
 

As the evaporator pressure increases at fixed condenser pressure, significantly less work is 

required for compression.  Further, the refrigerating capacity increases slightly.  As a result, the 

coefficient of performance increases significantly. 
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Problem 10.9 

 

Figure P10.9 provides steady-state operating data for an ideal vapor-compression 

refrigeration cycle with Refrigerant 134a as the working fluid.  The mass flow rate of 

refrigerant is 30.59 lb/min.    Sketch the T-s diagram of the cycle and determine 

(a) the compressor power, in horsepower. 

(b) the rate of heat transfer, from the working fluid passing through the condenser, in 

Btu/min. 

(c) the coefficient of performance. 

 

outQ

Hot Region

cWCompressor

1

inQ

2

Evaporator

Cold Region

Condenser

3

4

Expansion valve

min

lb
59.301 m

 

State p  

(lbf/ 

in.
2
) 

T 

(°F) 

h  

(Btu/ 

lb) 

s  

(Btu/ 

lb·°R) 

1 10 0 102.94 0.2391 

2 180 --- 131.04 0.2391 

3 180 Sat. 50.64 0.1009 

4 10 Sat. 50.64 --- 

Fig. P10.9 

 

Solution: 

 

Known: 

An ideal vapor-compression refrigeration cycle operates with Refrigerant 134a as its 

working fluid.   The refrigerant mass flow rate and operating data at principal states of 

the cycle are provided. 

 

Find: 

Sketch the T-s diagram for the cycle and determine (a) the compressor power, (b) the rate 

of heat transfer from the working fluid passing through the condenser, and (c) the 

coefficient of performance. 

 

Schematic and Known Data: 

Refer to Fig. P10.9 and the following 



 

2 

 

T (oF)

s (Btu/lb R)

1

180 lbf/in.2

0

2
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3

0.2391

 

4

 

 

10 lbf/in.2

 
Engineering Model: 

(1) Each component is analyzed as a control volume at steady state.  The control volumes 

are indicated by dashed lines on the accompanying figure. 

(2) The compression and expansion processes are adiabatic. 

(3) Kinetic and potential energy effects are negligible. 

 

Analysis: 

 

(a) The compressor power  is 

 

 

 

 

(b) The rate of heat transfer from the working fluid passing through the condenser is 

 

 

 

 

(c) The coefficient of performance is 
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Problem 10.10   
 

Refrigerant 22 enters the compressor of an ideal vapor compression refrigeration system as 

saturated vapor at -40°C with a volumetric flow rate of 15 m
3
/min. The refrigeration leaves the 

condenser at 19°C, 9 bar. Determine 

(a)  the compressor power, in kW. 

(b)  the refrigerating capacity, in tons. 

(c)  the coefficient of performance. 

(d)  the rate of entropy production for the cycle, in kW/K. 

 

Known:  

Refrigerant 22 is the working fluid in an ideal vapor-compression refrigeration cycle. Operating 

data are known. 

 

Find:  

Determine (a) the compressor power, (b) the refrigerating capacity, (c) the coefficient of 

performance, and (d) the rate of entropy production. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) Except for the expansion through the valve, which is a throttling process, all processes of the 

refrigerant are internally reversible. 

(3) Heat transfer between the refrigerant and each region occur with no temperature differences, 

there are no external irreversibilities. 

(4) The compressor and expansion valve operate adiabatically. 

(5) There are no pressure drops through the evaporator and the condenser. 

(6) Kinetic and potential energy effects are negligible. 

 

Analysis: 
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First, fix each of the principal states. 

  

State 1:                                    
  

  
             

  

    
 

State 2:                                                            
  

  
 

State 3:                                              

     (    )       
  

  
          

  

    
 

State 4:                                
  

  
                                

                        
  

    
  

 

(a) From Table A-7,          
  

  
  the mass flow rate is: 

 ̇  
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The compressor power is: 
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(b) The refrigerating capacity is: 

 ̇    ̇(     )  (     
  

   
) (            )(
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(c) The coefficient of performance is: 

  
     
     

 
            

             
      

 

(d) To find the entropy production, it is first necessary to determine the rate of heat transfer 

to the surroundings. 
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With assumptions 1,3, and 4, the entropy production is: 
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Taking into account each component separately: 
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Problem 10.11   
 

Ammonia with a mass flow rate of 5 kg/min is the working fluid within an ideal vapor 

compression refrigeration cycle.   Saturated vapor enters the compressor and saturated liquid 

exits the condenser.  The evaporator temperature is -10°C and the condenser pressure is 10 bar. 

Determine 

(a)  the coefficient of performance. 

(b)  the refrigerating capacity, in tons. 

 

Known:  

An ideal vapor-compression refrigeration cycle uses ammonia as the working fluid. Operating 

data are known. 

 

Find:  

Determine (a) the coefficient of performance, and (b) the refrigerating capacity. 

 

Schematic and Known Data: 

 
Engineering Model 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) Except for the expansion through the valve, which is a throttling process, all processes of the 

refrigerant are internally reversible. 

(3) The compressor and expansion valve operate adiabatically. 

(4) There are no pressure drops through the evaporator and the condenser. 

(5) Kinetic and potential energy effects are negligible. 

(6) Saturated vapor enters the compressor and saturated liquid exits the condenser. 

 

Analysis: 

First, fix each of the principal states. 
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State 1:                                     
  

  
             

  

    
 

State 2:                                                               
  

  
 

State 3:                                                          
  

  
 

State 4:                                 
  

  
 

 

(a) The coefficient of performance is: 

  
     
     

 
              

               
       

 

(b) The refrigerating capacity is: 
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Problem 10.13   
 

An ideal vapor compression refrigeration cycle with ammonia as the working fluid has an 

evaporator temperature of -20°C and a condenser pressure of 12 bar. Saturated vapor enters the 

compressor and saturated liquid exits the condenser. The mass flow rate of the refrigerant is 3 

kg/min. Determine  

(a) the coefficient of performance. 

(b) the refrigerating capacity, in tons. 

 

To determine the effect of changing the evaporator temperature on the cycle performance, plot 

the coefficient of performance and the refrigerating capacity, in tons, for saturated vapor entering 

the compressor at temperatures ranging from -40 to -10° C. 

 

 

Known:  

An ideal vapor-compression refrigeration cycle uses ammonia as the working fluid. Operating 

data are known. 

 

Find:  

Determine (a) the coefficient of performance, and (b) the refrigerating capacity. 

 

Schematic and Known Data: 

 
Engineering Model 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) Except for the expansion through the valve, which is a throttling process, all processes of the 

refrigerant are internally reversible. 

(3) The compressor and expansion valve operate adiabatically. 

(4) There are no pressure drops through the evaporator and the condenser. 

(5) Kinetic and potential energy effects are negligible. 

(6) Saturated vapor enters the compressor and saturated liquid exits the condenser. 
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Analysis:   

 

First, fix each of the principal states. 

  

State 1:                                     
  

  
             

  

    
 

State 2:                           
  

  
 

State 3:                                         
  

  
 

State 4:                                 
  

  
 

 

(a) The coefficient of performance is: 

  
     
     

 
              

               
       

 

(b) The refrigerating capacity is: 

 ̇    ̇(     )  ( 
  

   
) (              ) (

  

  
 
     

   
  
   

)             

 

IT Code:       IT Results: 
T1 = -20   // C       h1 = 1418 kJ/kg 
p3 = 12   // bar       h2 = 1689 kJ/kg 
mdot = 3   // kg/min      h3 = 327 kJ/kg 
        h4 = 327 kJ/kg 
x1 = 1        Beta = 4.019 
p1 = Psat_T("Ammonia", T1)     Qdotin = 15.51 tons 
h1 = hsat_Px("Ammonia", p1, x1) 
s1 = ssat_Px("Ammonia", p1, x1) 
s2 = s1 
p2 = p3 
s2 = s_PT("Ammonia", p2, T2) 
h2 = h_PT("Ammonia", p2, T2) 
x3 = 0 
h3 = hsat_Px("Ammonia", p3, x3)  
h4 = h3 
 
beta = (h1 - h4) / (h2 - h1) 
Qdotin = mdot * (h1 - h4) * (1/211)  // tons 
 

  



Plots: 

 
 

In this case, the condenser pressure is constant. Thus, h3 = h4 remains unchanged as evaporator 

temperature changes. Since h1 decreases as evaporator temperature decreases, the h across the 

evaporator decreases as T1 goes down. Accordingly, the refrigerating capacity decreases as 

evaporator temperature decreases. Furthermore, the compressor power is greater as the 

evaporator temperature goes down, which contributes to the dramatic decrease in coefficient of 

performance shown on the graph. 



Problem 10.14   
 

To determine the effect of changing condenser pressure on the performance of an ideal vapor-

compression refrigeration cycle, plot the coefficient of performance and the refrigerating 

capacity, in tons, for the cycle in Problem 10.13 for condenser pressures ranging from 8 to 16 

bar.  All other conditions are the same as in Problem 10.13. 

 

Known:  

An ideal vapor-compression refrigeration cycle uses ammonia as the working fluid. Operating 

data are known. 

 

Find:  

Plot the coefficient of performance and the refrigerating capacity as the condenser pressure 

changes. 

 

Schematic and Known Data: 

 
 

Engineering Model 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) Except for the expansion through the valve, which is a throttling process, all processes of the 

refrigerant are internally reversible. 

(3) The compressor and expansion valve operate adiabatically. 

(4) There are no pressure drops through the evaporator and the condenser. 

(5) Kinetic and potential energy effects are negligible. 

(6) Saturated vapor enters the compressor and saturated liquid exits the condenser. 

 

Analysis: 

The data for the required plots are obtained using the IT code given in the solution to Problem 

10.13.  In this case, the variable to sweep in p3, the condenser pressure. 
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Plots: 

 
 

In this case, with the evaporator pressure constant and the compressor inlet state fixed, the 

specific enthalpy h1 is constant.  As condenser pressure is increased with saturated liquid 

condition at its exit, state 4 on the T-s diagram moves to the right, thereby decreasing the h 

across the evaporator.  With mass flow rate fixed, the refrigerating capacity decreases 

accordingly.  Also, the compressor power increases with increasing condenser pressure which 

contributes to the dramatic decrease in coefficient of performance shown on the graph. 





Problem 10.16  
 

Modify the cycle in problem 10.9 to have an isentropic compressor efficiency of 83% and let the 

temperature of the liquid leaving the condenser be 100°F. Determine, for the modified cycle, 

(a)  the compressor power, in horsepower. 

(b)  the rate of heat transfer from the working fluid passing through the condenser, in Btu/min. 

(c)  the coefficient of performance. 

(d)  the rates of entropy production in the compressor and expansion valve, in Btu/min·°R. 

(e)  the rates of exergy destruction in the compressor and expansion valve, each in Btu/min.  Let 

T0 = 90°F. 

 

Known:  

The ideal vapor-compression refrigeration cycle of problem 10.9 is modified to have an 

isentropic compressor efficiency of 83% and subcooled liquid at a given temperature exiting the 

condenser. 

 

Find:  

Determine (a) the compressor power, (b) the rate of heat transfer from the working fluid passing 

through the condenser, (c) the coefficient of performance, (d) the rates of entropy production in 

the compressor and expansion valve, and (d) the rates of exergy destruction in the compressor 

and expansion valve for given environment temperature. 

 

Schematic and Known Data: 

 

State p (lbf/in.
2
) T (°F) h (Btu/lb) s (Btu/lb·°R) 

1 10 0 102.94 0.2391 

2 180 --- ? ? 

2s 180 --- 131.04 0.2391 

3 180 100 ? ? 

4 10 Sat. ? ? 
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Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) There is no pressure drops through the evaporator and condenser. 

(3) The compressor operates adiabatically with an efficiency of 83%.  The expansion through the 

valve is a throttling process. 

(4) Kinetic and potential energy effects are negligible. 

(5) The environment temperature for calculating exergy is T0 = 550°R (90°F). 

 

Analysis: 

Fix the unknown principal states using the isentropic compressor efficiency: 
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For state 3, p3 = 180 lbf/in.
2
, T3 = 100°F subcooled liquid. Therefore: 
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With the throttling process from states 3 to 4 where h3 = h4, find quality and specific entropy, 
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(a) The compressor power is: 

hp39.24
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min60

h
Btu2545
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)94.10276.136(

min
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(b) The rate of heat transfer from the working fluid passing through the condenser is: 
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(c) The coefficient of performance is: 
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(d) The entropy production rate in the compressor is: 
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The entropy production rate in the expansion valve is: 
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(e) The rate of exergy destruction in the compressor is: 
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The rate of exergy destruction in the valve is: 
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Problem 10.18  
 

A vapor-compression refrigeration system uses ammonia as the working fluid. Data for the cycle 

are provided in the table below. The principal states are numbered as in Fig. 10.3.  The heat 

transfer rate from the working fluid passing through the condenser is 50,000 Btu/h. If the 

compressor operates adiabatically, determine 

(a)  the compressor power input, in hp. 

(b)  the coefficient of performance of the cycle. 

 

Known:  

A vapor-compression refrigeration system uses ammonia as the working fluid. Data are known at 

various locations and the heat transfer rate from the working fluid passing through the condenser 

is specified. 

 

Find: 

 Determine (a) the compressor power, and (b) the coefficient of performance. 

 

Schematic and Known Data: 

 

State p (lbf/in.
2
) T (°F) h (Btu/lb) s (Btu/lb·°R) 

1 30 10 617.07 1.3479 

2 200 300 763.74 1.3774 

3 200 100 155.05 --- 

4 30 --- 155.05 --- 

 
 

Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) There are no pressure drops through the evaporator and condenser. 
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(3) The compressor operates adiabatically.  The expansion through the valve is a throttling 

process. 

(4) Kinetic and potential energy effects are negligible. 

 

Analysis: 

(a) The compressor power is: 
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Evaluating  ̇: 
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Thus: 
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(b) The coefficient of performance is: 

  
     
     

      

 

 









Problem 10.21  
 

In a vapor-compression refrigeration cycle, ammonia exits the evaporator as saturated vapor at    

-22°C. The refrigerant enters the condenser at 16 bar and 160°C, and saturated liquid exits at 16 

bar. There is no significant heat transfer between the compressor and its surroundings, and the 

refrigerant passes through the evaporator with a negligible change in pressure. If the refrigerating 

capacity is 150 kW, determine 

(a)  the mass flow rate of the refrigerant, in kg/s. 

(b)  the power input to the compressor, in kW. 

(c)  the coefficient of performance. 

(d)  the isentropic compressor efficiency. 

(e)  the rate of entropy production, in kW/K, for the compressor.  

 

Known:  

Ammonia is the working fluid in a vapor-compression refrigeration system. Data are known at 

various locations and the refrigerating capacity is given. 

 

Find:  

Determine (a) the mass flow rate of the refrigerant, (b) the compressor power, (c) the coefficient 

of performance, (d) the isentropic compressor efficiency, and (e) the rate of entropy production 

for the compressor. 

 

Schematic and Known Data: 

 
Engineering model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) There are no pressure drops through the evaporator and condenser. 

(3) The compressor operates adiabatically.  The expansion through the valve is a throttling 

process. 

(4) Kinetic and potential energy effects are negligible. 
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Analysis: 

First, fix each of the principal states: 

 

State 1:                                     
  

  
             

  

    
 

State 2:                               
  

  
          

  

    
 

State 3:                                      
  

  
 

State 4:                                 
  

  
 

 

(a) The mass flow rate is determined using the refrigerating capacity 
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(b) The compressor power is: 
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(c) The coefficient of performance is: 
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(d) For isentropic compression,                   With this information,     

       
  

  
. Thus, the isentropic efficiency is: 

 

   
      
     

 
               

               
             

 

(e) The entropy production for the compressor is: 
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Problem 10.22  
 

A vapor-compression refrigeration system with a capacity of 10 tons has Refrigerant 134a as the 

working fluid. Information and data for the cycle are provided in Fig. P10.22 and in the table 

below. The compression process is internally reversible and can be modeled by pv
1.01

 = constant. 

The condenser is water cooled, with water entering and leaving with a negligible change in 

pressure. Heat transfer from the outside of the condenser can be neglected. Determine 

(a)  the mass flow rate of refrigerant, in kg/s. 

(b)  the power input and the heat transfer rate for the compressor, each in kW. 

(c)  the coefficient of performance. 

(d)  the mass flow rate of the cooling water, in kg/s. 

(e)  the rates of entropy production in the condenser and expansion valve, in kW/K.  

(f)  the rates of exergy destruction in the condenser and expansion valve, each expressed as a 

percentage of the compressor power input. Let T0 = 20°C. 

 

Known:  

R134a is the working fluid in a vapor-compression refrigeration system having a water cooled 

condenser. The capacity is known and the compression process is described by pv
1.01

 = constant. 

 

Find:  

Determine (a) the mass flow rate of R134a, (b) power input and heat transfer rate for the 

compressor, (c) coefficient of performance, (d) cooling water mass flow rate, (e) the rate of 

entropy production in the condenser and expansion valve, and (f) rates of exergy destruction in 

the condenser and expansion valve, each expressed as a percentage of the power input. 

 

Schematic and Known Data: 

 

State p (bar) T (°C) ν (m
3
/kg) h (kJ/kg) s (kJ/kg·K) 

1 4 15 0.05258 258.15 0.9348 

2 12 54.88 0.01772 281.33 0.9341 

3 11.6 44 0.0008847 112.22 0.4054 

4 4 8.93 0.01401 112.22 0.4179 

5 - 20 - 83.96 0.2966 

6 - 30 - 125.79 0.4369 

 

Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) The compression is polytropic with n = 1.01. 

(3) The expansion through the valve is a throttling process. 

(4) Heat transfer from the outside of the condenser can be neglected. 

(5) Kinetic and potential energy effects are negligible. 

(6) Let T0 = 293 K. 
 



 
 

Analysis: 

(a) The mass flow rate is found using the refrigerating capacity: 
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(b) Equation 6.55 is used to determine the compressor work input: 
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Thus, the compressor power input is: 
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The heat transfer rate is: 
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(c) The coefficient of performance is: 
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(d) Evaluating  ̇   from an energy balance: 
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(e) The rate of entropy production for the condenser can be found through the following: 
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For the valve: 
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(f) The exergy destruction for the condenser is: 
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Expressed as a percentage of the compressor power: 
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The exergy destruction for the valve is: 
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Expressed as a percentage of the compressor power: 
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Problem 10.25  
 

In a vapor-compression refrigeration system for a household refrigerator has a refrigerating 

capacity of 900 Btu/h. Refrigerant enters the evaporator at -15°F and exits at 20°F. The 

isentropic compressor efficiency is 75%. The refrigerant condenses at 110°F and exits the 

condenser subcooled at 100°F. There are no significant pressure drops in the flows through the 

evaporator and condenser. Determine the evaporator and condenser pressures, each in lbf/in.
2
, 

the mass flow rate of refrigerant, in lb/min, the compressor power input, in horsepower, and the 

coefficient of performance for working fluids:  (a) Refrigerant 134a, (b) propane, and (c) CO2 

(using data from Fig. A-10E).   

 

Known:  

Data are known at various locations in a vapor-compression refrigeration cycle. The refrigerating 

capacity is 900 Btu/h. 

 

Find: 

Determine the evaporator and condenser pressures, mass flow rate of refrigerant, compressor 

power input, and coefficient of performance for (a) Refrigerant 134a and (b) propane. 

 

Schematic and Known Data:  

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) There are no pressure drops through the evaporator and condenser. 

(3) Kinetic and potential energy effects are negligible. 

(4) The compressor and expansion valve operate adiabatically. 

  

Analysis: 

(a) First, fix each principal state for Refrigerant 134a: 
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State 1:                      
   

    
 

Interpolating in Table A-12E at T1 = 20°F and p1:           
   

  
          

   

     
 

State 2:                      
   

    
  

For isentropic compression, 

                        
   

     
                                            

          
   

  
  

      
      
  

        
             

    
       

   

  
 

State 3: Using Table A-10E,      (  )       
   

  
 

State 4:             
   

  
 

  

The refrigerating capacity is used to find the mass flow rate: 
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To find the compressor power input: 

 ̇   ̇(     )  (     
  

   
) (             )

   

  
|
      

   
| |

    

    
   
 

|           

To calculate the coefficient of performance: 

  
     
     

 
            

             
       

 

(b) First, fix each principal state for propane: 

State 1:                     
   

    
 

Interpolating in Table A-18E at T1 = 20°F and p1:         
   

  
         

   

     
 

State 2:                      
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State 3: Using Table A-16E,      (  )       
   

  
 

State 4:             
   

  
 

The refrigerating capacity is used to find the mass flow rate: 

 ̇        
 ̇  

     
 

   
   
 

(           )
   
  

|
   

      
|        

  

   
 

To find the compressor power input: 
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To calculate the coefficient of performance: 
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Comments: 

1. In the first printing of the 8
th

 Edition, part (c) using carbon dioxide was included in error.  

Please delete part (c) from the problem statement. 

2. Note that the propane cycle operates at higher pressures than the R-134a cycle. 

3. The propane cycle has a much lower mass flow rate than the R-134a cycle.  However, the 

power and coefficient of performance are nearly the same for the two working fluids in 

this case. 
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Problem 10.32  
 

Figure P10.32 shows the schematic diagram of a vapor-compression refrigeration system with 

two evaporators using Refrigerant 134a as the working fluid. This arrangement is used to achieve 

refrigeration at two different temperatures with a single compressor and a single condenser. The 

lower temperature evaporator has a refrigerating capacity of 3 tons while the higher-temperature 

evaporator has a refrigerating capacity of 2 tons. Operating data are provided in the 

accompanying table. Calculate: 

(a)  the mass flow rate of refrigerant through each evaporator, in kg/min. 

(b)  the compressor power input, in kW. 

(c)  the rate of heat transfer from the refrigerant passing through the condenser, in kW. 

 

Known:  

Refrigerant 134a is the working fluid in a vapor-compression refrigeration system with two 

evaporators. Data are known at various locations and the refrigerating capacity of each 

evaporator is specified. The system uses only one compressor. 

 

Find:  

Determine (a) the mass flow rates through each evaporator, (b) the compressor power input, and 

(c) the heat transfer from the refrigerant passing through the condenser. 

 

Schematic and Known Data: 

 

State p (bar) T (°C) h (kJ/kg) s (kJ/kg·K) 

1 1.4483 -12.52 241.13 0.9493 

2 10 51.89 282.3 0.9493 

3 10 39.39 105.29 0.3838 

4 3.2 2.48 105.29 0.3975 

5 1.4483 -18 105.29 0.4171 

6 1.4483 -18 236.53 0.9315 

7 3.2 2.48 248.66 0.9177 

8 1.4483 -3.61 248.66 0.9779 

 



 
 

Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) All processes of the working fluid are internally reversible except for the expansion through 

each valve, which is a throttling process. 

(3) Kinetic and potential energy effects are negligible. 

(4) The compressor operates adiabatically. 

 

Analysis: 

(a) The mass flow rates through each evaporator can be found as follows: 
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(b) Recognizing  ̇   ̇   ̇   the compressor power is:   ̇  ( ̇   ̇ )(     )  

[(           ) |
  

   
| |
     

    
|] [(            )

  

  
] |
    

  
  

 

|           

 

(c) For the condenser:  
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Problem 10.33  
 

An ideal vapor-compression refrigeration cycle is modified to include a counterflow heat 

exchanger, as shown in Fig. P10.33. Ammonia leaves the evaporator as saturated vapor at 1.0 bar 

and is heated at constant pressure to 5°C before entering the compressor. Following isentropic 

compression to 18 bar, the refrigerant passes through the condenser, exiting at 40°C, 18 bar. The 

liquid then passes through the heat exchanger, entering the expansion valve at 18 bar. If the mass 

flow rate of the refrigerant is 12 kg/min, determine: 

(a)  the refrigeration capacity, in tons of refrigeration. 

(b)  the compressor power input, in kW. 

(c)  the coefficient of performance. 

(d)  the rate of entropy production in the compressor, in kW/K. 

(e)  the rate of exergy destruction in the compressor, in kW. Let T0 = 20°C. 

Discuss advantages and disadvantages of this arrangement. 

 

Known:  

An ideal vapor-compression refrigeration cycle is modified to include a counterflow heat 

exchanger between the streams exiting the condenser and evaporator. Ammonia is the working 

fluid. Data are known at various locations, and the mass flow rate is given. 

 

Find:  

Determine (a) the refrigerating capacity, (b) the compressor power input, (c) the coefficient of 

performance, (d) the rate of entropy production for the compressor, and (e) the rate of exergy 

destruction for the compressor. 

 

Schematic and Known Data: 
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Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) Except for the expansion through the valve, which is a throttling process, all processes of the 

refrigerant are internally reversible. 

(3) The compressor and expansion valve operate adiabatically. 

(4) Kinetic and potential energy effects are negligible. 

(5) Heat transfer from the outside of the heat exchanger can be neglected. 

(6) Let T0 = 293 K. 

 

Analysis: 

First, fix each of the principal states. 

 

State 1:                            
  

  
          

  

    
 

State 2:                             
  

  
 

State 3:                          (    )        
  

  
 

State 4: Using an energy balance on the heat exchanger control volume: 
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State 6:                                       
  

  
 

 

(a) The refrigerating capacity is: 
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(b) The compressor power is: 
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(c) The coefficient of performance is: 

  
     
     

      

(d) As expected with an ideal cycle, the rate of entropy production for the compressor is: 
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(e) The rate of exergy destruction for the compressor follows as  ̇     ̇          

 

Discussion:  The heat exchanger (1) tends to increase the capacity, (2) helps ensure superheated 

vapor enters the compressor, and (3) increases the average specific volume in the compressor, 

thereby increasing the power required. 









Problem 10.35  
 

Refrigerant 134a is the working fluid in a vapor-compression heat pump system with a heating 

capacity of 70,000 Btu/h. The condenser operates at 180 lbf/in.
2
, and the evaporator temperature 

is 20°F. The refrigerant is a saturated vapor at the evaporator exit and exits the condenser at 

120°F. Pressure drops in the flows through the evaporator and condenser are negligible. The 

compression process is adiabatic, and the temperature at the compressor exit is 200°F. Determine 

(a)  the mass flow rate of the refrigerant, in lb/min. 

(b)  the compressor power input, in horsepower. 

(c)  the isentropic compressor efficiency. 

(d)  the coefficient of performance. 

 

Known:  

Data are known at various locations in a vapor-compression heat pump cycle with known heating 

capacity. Refrigerant-134A is the working fluid. 

 

Find:  

Determine the (a) mass flow rate of the refrigerant, (b) compressor power input, (c) isentropic 

compressor efficiency, and (d) coefficient of performance. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) There are no pressure drops through the evaporator and condenser. 

(3) Kinetic and potential energy effects are negligible. 

(4) The compressor and expansion valve operate adiabatically. 

  

Analysis: 

First, fix each principal state: 
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State 1:                                   
   

  
          

   

     
 

State 2:        
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State 3:        
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State 4:                                
   

  
 

 

(a) The mass flow rate is: 
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(b) Thus, the compressor power is: 
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(c) The compressor efficiency is found as follows: 

   
      
     

 
             

             
               

 

(d) The coefficient of performance is: 

  
     
     

 
            

             
       

 





Problem 10.37 

 

An office building requires a heat transfer rate of 20 kW to maintain the inside 

temperature at 21° C when the outside temperature is 0° C.  A vapor-compression heat 

pump with Refrigerant 134a as the working fluid is to be used to provide the necessary 

heating.  Assume the compressor’s isentropic efficiency is 82%.  Specify appropriate 

evaporator and condenser pressures of a cycle for this purpose assuming the temperature 

at Tcond = Tevap = 10° C as shown in Figure P10.37.  The states are numbered as in Fig. 

10.11.  The refrigerant exist the evaporator as saturated vapor and exits the condenser as 

saturated liquid at the respective pressures.  Determine the 

(a) mass flow rate of the refrigerant, in kg/s. 

(b) compressor power, in kW. 

(c) coefficient of performance and compare with the coefficient of performance for a 

Carnot heat pump cycle operating between the reservoir temperatures.   
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Solution: 

Known: 

A Refrigerant 134a vapor-compression heat pump is proposed to develop process heat at 

a specified rate and temperature from a source at a known temperature.   

  

Find:   

Determine (a) the mass flow rate of the refrigerant, (b) the compressor power, and (c) the 

actual and Carnot coefficients of performance and compare.   

 

Schematic and Known Data: 



 

2 

 

kW 20out Q

Outside

TH = 21 C

cWCompressor

1

inQ

2

Evaporator

Building interior

TC = 0 C

Condenser

3

4

Expansion valve

Saturated liquid

Saturated vapor

%82c 

 
Engineering Model: 

(1) Each component is analyzed as a control volume at steady state.  The control volumes 

are indicated by dashed lines on the accompanying figure. 

(2) There are no pressure drops through the evaporator and condenser. 

(3) The compressor has an isentropic efficiency of 82% and operates adiabatically.  The 

expansion through the valve is a throttling process. 

(4) Kinetic and potential energy effects are negligible. 

(5) Saturated vapor enters the compressor and saturated liquid leaves the condenser. 

 

Analysis: 

 

Fix the principal states for the cycle.  Using Tcond = Tevap = 10°C as follows 

 

 

 

 

 

For state 1, using Table A-11 with saturated vapor at p1 = 2 bar:   

h1 = 241.30 kJ/kg, s1 = 0.9253 kJ/kg·K 

 

For state 2, using Table A-12 with p2 = 8 bar, c = 82%, and s2s = s1:  h2s = 269.92 kJ/kg  

 

 

 

For state 3, using Table A-11 with saturated liquid at p3 = 8 bar:  h3 = 93.42 kJ/kg 
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For state 4, this is a throttling process and therefore h4 = h3 =93.42 kJ/kg 

 

(a) Find the refrigerant mass flow rate from an energy rate balance at the condenser 

 

 

 

 

 

(b) The compressor power follows: 

 

 

 

(c) The coefficient of performance () is 

 

 

 

 

For a Carnot heat pump cycle operating between TC = 0 ºC = 273 K and TH = 21 ºC = 

294 K 

 

 

 

 

 The coefficient of performance for the Carnot heat pump cycle operating at the 

reservoir temperatures is higher than that of the original cycle.  Referring to the T-s 

diagram, we see that the evaporator temperature is lower than TC and the condenser 

temperature is higher than TH.  By operating the evaporator and condenser at these 

temperatures, there would be irreversibility associated with the heat transfer between 

the working fluid passing through each heat exchanger and the respective reservoir.   
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Problem 10.40  

 

A vapor-compression heat pump has a heating capacity of 500 kJ/min and uses Refrigerant 134a 

as the working fluid.  The isentropic compressor efficiency is 80%.  The heat pump is driven by 

a power cycle with a thermal efficiency of 25%. For the power cycle, 80% of the heat rejected is 

transferred to the heated space. Data for the cycle are provided in the table below. The principal 

states are numbered as in Fig. 10.3.  

(a)  Determine the power input to the heat pump compressor, in kW. 

(b)  Evaluate the ratio of the total rate that heat is delivered to the heated space to the rate of heat 

input to the power cycle. Discuss. 

 

Known:  

Refrigerant 134a is the working fluid in a vapor-compression heat pump driven by a power 

cycle. Operating data are specified for the heat pump and the power cycle. 

 

Find:  

Determine (a) the heat pump compressor power and (b) the ratio of the total rate heat is delivered 

to the heat space to the rate of heat input to the power cycle. Discuss. 

 

Schematic and Known Data: 

 

State p (bar) T (°C) h (kJ/kg) s (kJ/kg·K) 

1 2.0122 -10 241.34 0.9253 

2s 10 45.17 274.63 0.9253 

2 10 52.47 282.95 0.9512 

3 9.6 34 97.31 0.3584 

4 2.0122 -10 97.31 0.3779 
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3
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η= 0.25
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Q loss

 

 

 

2.0122 bar
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Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) There are no pressure drops through the evaporator and the condenser. 

(3) The compressor operates adiabatically with an isentropic efficiency of 80%.  The expansion 

through the valve is a throttling process. 

(4) Kinetic and potential energy effects are negligible. 

 

 

Analysis: 

(a) The mass flow rate of the refrigerant is: 

 ̇  
 ̇    
     

 
   

  
   

(            )
  
  

|
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The compressor power becomes: 

 ̇   ̇(     )  (       
  

 
) (             )

  

  
|
    

  
  
 

|           

 

(b) For the power cycle,       . With  ̇             ̇           ̇          : 

 ̇    
 ̇           

 
 
     

    
          

 

The total heat rejected from the power cycle is  ̇     ̇      ̇      and can also be 

stated as  ̇     ̇     ̇                                 

 

Thus:   ̇     (    ) ̇     (    )(     )           

 

Finally:  
 ̇      ̇    

 ̇   
 
(   

  

   
 
     

    
)         

        
       

 

Discussion: 

The engine-driven heat pump delivers more energy to the heated space than could be obtained by 

burning the fuel directly. 

































Problem 10.46  
 

An ideal Brayton refrigeration cycle has a compressor pressure ratio of 7. At the compressor 

inlet, the pressure and temperature of the entering air are 22 lbf/in.
2
 and 450°R. The temperature 

at the inlet of the turbine is 680°R. For a refrigerating capacity of 13.5 tons, determine: 

(a)  the mass flow rate of the refrigerant, in lb/min. 

(b)  the net power input, in Btu/min. 

(c)  the coefficient of performance. 

 

Known:  

Air is the working fluid in an ideal Brayton refrigeration cycle. Operating data and the 

refrigerating capacity are specified. 

 

Find:  

Determine (a) the air mass flow rate, (b) the net power input, and (c) the coefficient of 

performance. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) The turbine and compressor processes are isentropic. 

(3) There are no pressure drops through the heat exchangers. 

(4) Kinetic and potential energy effects are negligible. 

(5) The working fluid is air modeled as an ideal gas. 

 

Analysis: 

 

First, fix each principal state (Table A-22E): 

State 1:                                       
   

  
              

1

2 3  

 4
Heat Exchanger

Compressor

Heat Exchanger

 

Wc

Qout

Qin = 13.5 tons

T1 = 450 R

p2/p1 = 7

1

T

s

 

2

T1=450 R

 

 

 

T3=680 R

4

3

Turbine

p2/p1 = 7

T3=680 R

p1=22 lbf/in.2

p1=22 lbf/in.2

 

 

 



State 2:                  
  

  
       ( )                                       

   

  
 

State 3:                    
   

  
               

State 4:                  
  

  
 
     

 
                                    

   

  
 

 

(a) The mass flow rate is: 
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 |
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(b) Thus, the net power input is: 

 ̇   ̇[(     )  (     )]
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) [(             )  (            )]

   

  

       
   

   
 

(c) The coefficient of performance is: 
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Problem 10.47  
 

Reconsider Problem 10.46, but include in the analysis that the compressor and turbine have 

isentropic efficiencies of 75% and 89%, respectively.  Answer the same questions as in Problem 

10.46 and determine the rate of entropy production within the compressor and turbine, each in 

Btu/min·°R. 

 

Known:  

The Brayton refrigeration cycle of Problem 10.46 is modified to include that the compressor and 

turbine have isentropic efficiencies of 75% and 89%, respectively. 

 

Find:  

Determine (a) the air mass flow rate, (b) the net power input, (c) the coefficient of performance 

and (d) the entropy production within the compressor and turbine. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) The turbine and compressor processes are adiabatic and operate with isentropic efficiencies 

given. 

(3) There are no pressure drops through the heat exchangers. 

(4) Kinetic and potential energy effects are negligible. 

(5) The working fluid is air modeled as an ideal gas. 

 

Analysis: 

First, fix each principal state (Table A-22E). From the solution of problem 10 .46: 

         
   

  
              

   

  
             

   

  
             

   

  
 

p2/p1 = 7

1

T

s

 

2

T1 = 450 R
 

 

 

T3=  680 R

4s
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2s 

 
4

ηc = 75%

ηt  = 89%

p1=22 lbf/in.2



State 1:                                
         

   

     
 

State 2:     
      

     
       

      

  
        

             

    
       

   

  
  

                           
         

   

     
 

State 3:              
         

   

     
 

State 4:   

    
     

      
         (      )             (            )         

   

  
 

                           
         

   

     
 

(a) The mass flow rate is: 
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(b) Thus, the net power input is: 
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(c) The coefficient of performance is: 
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(d) The entropy production within the compressor is: 
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The entropy production within the turbine is: 
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Comments: 

1. Note, the mass flow rate and net power input are higher and the coefficient of 

performance is lower than in Problem 10.46 due to irreversibilities in the compressor and 

turbine. 

2. The entropy production in the compressor is slightly higher than in the turbine due in part 

to the lower isentropic efficiency of the compressor compared to the turbine. 

1#

1#

1#

2#

2#































Problem 10.53  
 

Consider a Brayton refrigeration cycle with a regenerative heat exchanger. Air enters the 

compressor at 500°R, 16 lbf/in.
2
 and is compressed isentropically to 45 lbf/in.

2
 Compressed air 

enters the regenerative heat exchanger at 550°R and is cooled to 490°R before entering the 

turbine. The expansion through the turbine is isentropic. If the refrigeration capacity is 14 tons, 

calculate: 

(a)  the volumetric flow rate at the compressor inlet, in ft
3
/min. 

(b)  the coefficient of performance. 

 

Known:  

Air is the working fluid in an ideal Brayton refrigeration cycle with a regenerative heat 

exchanger. Data are known at various locations and the refrigeration capacity is given. 

 

Find:  

Determine (a) the air mass flow rate, and (b) the coefficient of performance. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) The turbine and compressor are isntropic. 

(3) There are no pressure drops through the heat exchangers. 

(4) Kinetic and potential energy effects are negligible. 

(5) The working fluid is air modeled as an ideal gas. 

(6) There is no heat transfer from the regenerative heat exchanger to its surroundings. 

 

Analysis: 

First, fix each principal state (Table A-22E): 

 

1

2 3

 

 4

Compressor

 

Wc
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Qin = 14 tons

T1 = 500 R
p1 = 16 lbf/in.2
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a

b

Ta = 550 RT3 = 490 R

p2 = 45 lbf/in.2

a
 

b 

Ta =550 R

T3 = 490 R

 

 

 



State 1:                    
   

  
            

State 2:                  
  

  
 (      )

  

  
                               

   

  
 

State a:                                       
   

  
 

State 3:                    
   

  
            

State 4:                  
  

  
 (      )

  

  
                              

   

  
 

State b:    (     )  (     )                    
   

  
 

 

(a) The mass flow rate is: 
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And the volumetric flow rate at the compressor inlet is: 

    
 ̇   
  

 
(     

  
   ) (

    
     

      
     

) (     )

  
   
    

 |
        

     
|

     
   

   
 

 

(b) The coefficient of performance is: 
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(             )  (            )
      

 

 



Problem 10.54  
 

Reconsider Problem 10.53, but include in the analysis that the compressor and turbine each have 

isentropic efficiencies of 84%. Answer the same questions for the modified cycle in Problem 

10.53 and determine the rate of entropy production within the compressor and turbine, each in 

Btu/min·°R. 

 

Known:  

Reconsider the cycle of Problem 10.53, but include compressor and turbine efficiencies of 84% 

each in the analysis. 

 

Find:  

Determine (a) the air mass flow rate, (b) the coefficient of performance, and (c) the entropy 

production within the compressor and turbine. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) There are no pressure drops through the evaporator and condenser. 

(3) The compressor and turbine operate adiabatically at the given isentropic efficiencies. 

(4) Kinetic and potential energy effects are negligible. 

(5) The working fluid is air modeled as an ideal gas. 

(6) There is no heat transfer from the regenerative heat exchanger to its surroundings. 

 

Analysis: 

From the solution to Problem 10.53: 
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Fix each principal state (Table A-22E). 
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ηc = 84%

ηt= 84%

T3 = 490 R



State 1:             
         

   

     
 

State 2:     
      

     
       

      

  
        

             

    
       

   

  
 

Interpolating from Table A-22E      
         

   

     
 

State 3:             
         

   

     
 

State 4:     
     

      
         (      )             (            )  

     
   

  
, Interpolating from Table A-22E      

         
   

     
 

 

(a) The mass flow rate is: 

 ̇  
 ̇  

     
 

       

(            )
   
  

 |
   

   
   

     
|       

  

   
  

 

And the volumetric flow rate at the compressor inlet is: 
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(b) The coefficient of performance is: 
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(c) The entropy production within the compressor is: 
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The entropy production within the turbine is: 
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Comments: 

1. Note, the volumetric flow rate is higher and the coefficient of performance is lower than 

in Problem 10.53 due to irreversibilities in the compressor and turbine. 

2. The isentropic efficiency of the compressor and turbine are equivalent and the 

corresponding entropy production rates differ by approximately 15%. 
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Problem 10.55  
 

Air at 2.5 bar, 400 K is extracted from a main jet engine compressor for cabin cooling. The 

extracted air enters a heat exchanger where it is cooled at constant pressure to 325 K through 

heat transfer with the ambient. It then expands adiabatically to 1.0 bar through a turbine and is 

discharged into the cabin. The turbine has an isentropic efficiency of 80%. If the mass flow rate 

of the air is 2.0 kg/s, determine: 

(a)  the power developed by the turbine, in kW. 

(b)  the rate of heat transfer from the air to the ambient, in kW. 

 

Known:  

Air is extracted from a main jet engine for cabin cooling. The air passes through a heat 

exchanger and turbine before being discharged into the cabin. 

 

Find:  

Determine (a) the power developed by the turbine, and (b) the heat transfer rate from the air 

passing through the heat exchanger. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) The air experiences no pressure drop in passing through the heat exchanger. 

(3) Kinetic and potential energy effects are negligible. 

(4) The turbine operates adiabatically. 

(5) The air is modeled as an ideal gas. 

 

Analysis: 

3

1 
2

 Heat Exchanger

 

Wt

QoutT2 = 325 K
p2 = p1

1
T

s

 

2
 

 

 
3

Turbine

T1 = 400 K
p1 = 2.5 bar

ηt = 80%

Cool air to cabin
ṁ = 2.0 kg/s

3s

T1 = 400 K

p3 = 1 bar

T2 = 325 K

 

 



From Table A-22: 

State 1:           
  

  
 

State 2:           
  

  
               

State 3s:          (
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)                                   

  

  
 

 

(a) Using the turbine efficiency: 
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(b) Using an energy balance around the heat exchanger: 
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Problem 10.56 
 

Air at 30 lbf/in.
2
, 700°R is extracted from a main jet engine compressor for cabin cooling. The 

extracted air enters a heat exchanger where it is cooled at constant pressure to 580°R through 

heat transfer with the ambient. It then expands adiabatically to 15 lbf/in.
2
 through a turbine and is 

discharged into the cabin at 520°R with a mass flow rate of 220 lb/min. Determine 

(a)  the power developed by the turbine, in horsepower. 

(b)  the isentropic turbine efficiency. 

(b)  the rate of heat transfer from the air to the ambient, in Btu/min. 

 

Known:  

Air is extracted from a main jet engine for cabin cooling. The air passes through a heat 

exchanger and turbine before being discharged into the cabin. 

 

Find:  

Determine (a) the power developed by the turbine, (b) the isentropic turbine efficiency, and (c) 

the heat transfer rate from the air passing through the heat exchanger. 

 

Schematic and Known Data: 

 
Engineering Model: 

(1) Each component of the cycle is analyzed as a control volume at steady state. 

(2) The air experiences no pressure drop in passing through the heat exchanger. 

(3) Kinetic and potential energy effects are negligible. 

(4) The turbine operates adiabatically. 

(5) The air is modeled as an ideal gas. 

 

 

 

 

3

1 2  Heat Exchanger

 

Wt

QoutT2 = 580 R
p2 = p1

1
T

s

 

2
 

 

 
3

Turbine

T1 = 700 R
p1 = 30 lbf/in.2

ηt = ?

Cool air to cabin
ṁ = 220 lb/min

3s

T1 = 700 R

T3 = 520 R
p3 = 15 lbf/in.2

T2 = 580 R

 

 

T3 = 520 R



 

Analysis: 

From Table A-22E: 

State 1:           
   

  
 

State 2:           
   

  
               

State 3s:  For isentropic expansion,         
  

  
 (      ) (

  

  
)         , interpolating 

           
   

  
 

State 3:           
   

  
 

 

 

(a) Using above values, the power developed by the turbine is: 
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(b) The turbine isentropic efficiency is:   

   
     

      
 
             

             
             

 

(c) The heat transfer rate from the air passing through the heat exchanger follows: 
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Corrected October, 2011 

Problem 12.1 

 

The analysis on a mass basis of an ideal gas mixture at 50
o
F, 25 lbf/in.

2
 is 60% CO2, 25% 

SO2, and 15% N2.  Determine 

(a) the analysis in terms of mole fractions.  

(b) the apparent molecular weight of the mixture. 

(c) the partial pressure of each component, in lbf/in.
2
 

(d) the volume occupied by 20 lb of the mixture, in ft
3
. 

 

Solution: 

 

Known: 

An analysis on a mass basis is specified for a gas mixture. 

 

Find: 

Determine the analysis in terms of mole fractions, the apparent molecular weight of the 

mixture, the partial pressure of each component, and the volume occupied by 20 lb of 

mixture. 

 

Schematic and Known Data: 

 

 

 

i mfi 

CO2 0.60 

SO2 0.25 

N2 0.15 

 

 

Engineering Model: 

(1) The mixture acts as an ideal gas. 

 

Analysis: 

 

(a) Considering 1 lb of mixture 

 

 mi Mi ni= mi / Mi yi= ni / n 

CO2 0.60 44.01 0.0136 0.5939 

SO2 0.25 64.06 0.0039 0.1703 

N2 0.15 28.01 0.0054 0.2358 

50 o F 

25 lbf/in. 2 

m =20 lb 



 

2 

 

n = 0.0229 

 

(b)  The apparent molecular weight of the mixture is 

 

 

 

 

 

(c)  The partial pressures are 

 

 

 

 

 

  

 

 

 

(d) Using the ideal gas equation of state for the overall mixture 
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Problem 12.4 

 

The analysis on a mass basis of a gas mixture at 40
o
F, 14.7 lbf/in.

2
 is 60% CO2, 25% CO, 15% 

O2. Determine: 

(a)  the analysis in terms of mole fractions. 

(b)  the partial pressure of each component, in lbf/in.
2
 

(c)  the volume occupied by 10 lb of the mixture, in ft
3
. 

 

Known:  

An analysis on a mass basis is specified for a gas mixture. 

 

Find:  

Determine the analysis in terms of mole fractions, the partial pressure of each component, the 

volume occupied by 10 lb of mixture. 

 

Schematic and Known Data: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) The overall mixture acts as an ideal gas. 

(2) Each mixture component behaves as if it were an ideal gas occupying the entire volume at 

the mixture temperature. 

(3) Calculations based on 1 lb of mixture in part (a). 

 

Analysis: 

(a) Considering a typical 1 lb mixture: 

i mfi Mi ni = mi/Mi yi   

CO2 0.6 44.01 0.01363 0.5002 

CO 0.25 28.01 0.00893 0.3277 

O2 0.15 32.00 0.00469 0.1721 

 0.02725  

 

 

 

i mfi 

CO2 0.6 

CO 0.25 

O2 0.15 

M = m/n = 1 lb / 0.02725 lbmol = 36.697 lb/lbmol 

40
o
F 

14.7 lbf/in.
2
 

m =10 lb 

1#



(b)  
 

𝑝CO2
=  𝑦CO2

𝑝 = (0.5002) (14.7
lbf

in.2
) = 7.353 

lbf

in.2
 

𝑝CO =  𝑦CO𝑝 = (0.3277) (14.7
lbf

in.2
) = 4.817 

lbf

in.2
 

𝑝O2
=  𝑦O2

𝑝 = (0.1721) (14.7
lbf

in.2
) = 2.530 

lbf

in.2
 

  

 

(c) Using ideal gas law: 

 

𝑉 =  
𝑚𝑅𝑇

𝑝
=  

(10 lb) (
1545

36.697 
ft ∙ lbf
lb ∙ °R

) (500°R)

(14.7 
lbf
in.2

) |144 
in.2

ft2 |
= 99.446 ft3 

 

Comment: 

1. The apparent molecular weight of the mixture is obtained in the calculations of part (a). 

Eq. 12.9 can also be used: 

 

𝑀 =  ∑ 𝑦𝑖𝑀𝑖

𝑗

𝑖=1

= 𝑦CO2
𝑀CO2

+ 𝑦CO𝑀CO + 𝑦O2
𝑀O2

= (0.5002)(44.01) + (0.3277)(28.01) + (0.1721)(32) = 36.7
lb

lbmol
 

 

The difference between this value and the one obtained in part (a) is due to round off. 







Problem 12.6   
 

A 4-lb mass of oxygen (O2) is mixed with 8 lb of another gas to form a mixture that occupies 45 

ft
3
 at 150

o
F, 40 lbf/in.

2
 Applying ideal gas mixture principles, determine: 

(a)  the molecular weight of the unspecified gas. 

(b)  the analysis of the mixture in terms of mole fractions. 

 

Known: 

Four lb of O2 is mixed with 8 lb of another gas to form a mixture that occupies 45 ft
3
 at 150

o
F, 

40 lbf/in.
2
. 

 

Find:  

Determine the molecular weight of the unspecified gas and the molar analysis of the mixture. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) The overall mixture acts as an ideal gas. 

(2) Each mixture component behaves as if it were an ideal gas occupying the entire volume at 

the mixture temperature. 

 

Analysis: 

(a) Considering the ideal gas equation of state: 

𝑛 =
𝑝𝑉

𝑅𝑇
                                                                        (1) 

 

Letting M denote the molecular weight of the unspecified gas, the total number of moles of 

mixture n is: 

𝑛 = 𝑛O2
+ 𝑛? =

mO2

𝑀O2

+
m?

𝑀?
=

4

32
+

8

𝑀
                                                      (2) 

 

 

 

45 ft
3
 

150
o
F 

40 lbf/in.
2
 

4 lb 

O2 

8 lb 

? 



Combining Eqs. (1) and (2), and inserting known values: 

 

4 lb

32 
lb

lbmol

+
8 lb

𝑀
=

(40 
lbf
in.2

) |
144 in.2

ft2 | (45ft3)

(610 °R) (1545
ft ∙  lbf

lbmol ∙  °R
)

= 0.27503 

 

Solving for M:  

 

𝑀 = 53.323
lb

lbmol
 

 

(b) The composition is given by: 

 

𝑛O2
=

4 lb

32 
lb

lbmol

= 0.125 lbmol 

 

𝑛? =
8 lb

53.323 
lb

lbmol

= 0.15003 lbmol 

 

𝑛 = 𝑛O2
+ 𝑛? = 0.27503 lbmol 

 

Finally, the analysis of the mixture in terms of molar analysis: 

 

𝑦O2
=  

𝑛O2

𝑛
=

0.125

0.27503
= 0.4545 

 

𝑦? =  
𝑛?

𝑛
=

0.15003

0.27503
= 0.5455 



Problem 12.7   
 

A vessel having a volume of 0.28 m
3
 contains a mixture at 40

°
C, 6.9 bar with a molar analysis of 

70% O2, 30% CH4. Determine the mass of methane that would have to be added and the mass of 

oxygen that would have to be removed, each in kg, to obtain a mixture having a molar analysis 

of 30% O2, 70% CH4 at the same temperature and pressure. 

 

Known:  

A vessel of known volume contains a mixture of O2, CH4 at a specified temperature, pressure 

and molar analysis. 

 

Find:  

Determine the mass of CH4 that would have to be added, and the mass of O2 that would have to 

be removed, to produce a mixture at the same temperature and pressure, but with a different 

specified molar analysis. 

 

Schematic & Given Data: 

 Initial  Intermediate Final 

Engineering Model: 

(1) The overall mixture acts as an ideal gas. 

(2) Each mixture component behaves as if it were an ideal gas occupying the entire volume at 

the mixture temperature. 

 

Analysis: 

As the initial and final mixtures are at the same temperature and pressure, and occupy the same 

total volume, the total number of moles present initially and finally is the same. Using the ideal 

gas equation of state: 

𝑛 =
m

𝑀
=

𝑝𝑉

𝑅𝑇
=

(6.9 ∙ 105  
N

m2) (0.28 m3)

(313 K) (8314
N ∙ m

kmol ∙ K
)

= 0.0742 kmol(mixture) 

Thus, the changes in the number of moles of O2 and CH4 present are 

∆𝑛O2
= [(𝑦O2

)
𝑓𝑖𝑛𝑎𝑙

− (𝑦O2
)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙
] 𝑛 = (0.3 − 0.7)(0.0742) = −0.02968 kmol 

∆𝑛CH4
= [(𝑦CH4

)
𝑓𝑖𝑛𝑎𝑙

− (𝑦CH4
)

𝑖𝑛𝑡𝑖𝑎𝑙
] 𝑛 = (0.7 − 0.3)(0.0742) = 0.02968 kmol 

Then, with molecular weights from Table A-1: 

∆𝑚O2
= −0.9498 kg 

∆𝑚CH4
= 0.4761 kg 

CH
4
 

O
2
 

40
o
C 

6.9 bar 

70% O
2
 

30% CH
4 

V= 0.28 m
3 

40
o
C 

6.9 bar 

30% O
2
 

70% CH
4 

V= 0.28 m
3 

 





Problem 12.9   
 

A flue gas in which the mole fraction of SO2 is 0.002 enters a packed bed wet scrubber operating 

at steady state at 200° F, 1 atm with a volumetric flow rate of 35,000 ft
3
/h. If the scrubber 

removes 90% (molar basis) of the entering SO2, determine the rate at which SO2 is removed, in 

lb/h.  

 

Known:   

A flue gas containing SO2 enters a packed bed wet scrubber at a specified state and volumetric 

flow rate. The scrubber removes 90% (molar basis) of the SO2. 

 

Find:  

Determine the rate SO2 is removed. 

 

Schematic and Known Data: 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) The control volume shown in the figure is at steady state. 

 

Analysis: 

The molar flow rate of the entering mixture, �̇�, can be found as follows 

�̇�1 =
(AV)1

�̅�1
=

(AV)1𝑝1

�̅�𝑇1

=
(35,000

ft3

h
) (14.7

lbf
in.2

∙
144in.2

ft2 )

(1545 
ft ∙ lbf

lbmol ∙ °R
) (660°R)

= 72.657
lbmol (mixture)

h
 

 

The rate SO2 enters is then 

�̇�1SO2
= (0.002) ( 72.657

lbmol

h
) = 0.1453

lbmol (SO2)

h
 

 

If 90% is removed by the packed bed wet scrubber 

�̇�2SO2
= (0.90) (0.1453

lbmol (SO2)

h
) = 0.1308

lbmol (SO2)

h
 

 

Then from Table A-1, 𝑀 = 64.06
lb

lbmol
  for SO2 

�̇�2SO2
= (64.06

lb

lbmol
) (0.1308

lbmolSO2

h
) = 8.38

lbSO2

h
 

 

1 

SO2 

35,000 ft3/h 

200
o
F 

1 atm “Cleaned” Gas 
𝑦SO2

= 0.002 

2 

3 















Problem 12.14   
 

A closed, rigid tank having a volume of 0.1 m
3
 contains 0.7 kg of N2 and 1.1 kg of CO2 at 27

°
C. 

Determine: 

(a)  the analysis of the mixture in terms of mass fractions. 

(b)  the analysis of the mixture in terms of mole fractions. 

(c)  the partial pressure of each component, in bar. 

(d)  the mixture pressure, in bar. 

(e)  the heat transfer, in kJ, required to bring the mixture to 127
°
C. 

(f)  the entropy change of the mixture for the process of part (e), in kJ/K. 

 

Known:  

A closed, rigid tank having a volume of 0.1 m
3
 contains 0.7 kg of N2 and 1.1 kg of CO2 at 27

°
C. 

 

Find:  

Determine the mixture analysis in terms of mass and mole fractions, the partial pressure of each 

component and the mixture pressure, the heat transfer required to bring the mixture to 127
°
C and 

the entropy change of the mixture for this process. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) For the system shown in the accompanying figure, changes in kinetic and potential energy 

are negligible. 

(2) The overall mixture behaves as an ideal gas. 

(3) Each mixture component behaves as if it were an ideal gas occupying the entire volume at 

the mixture temperature. 

 

Analysis: 

(a) The analysis of the mixture in terms of mass fractions 

𝑚𝑓N2
=

𝑚N2

𝑚
=

0.7 kg

(1.1 + 0.7)kg
= 0.389 

𝑚𝑓CO2
=

𝑚CO2

𝑚
=

1.1 kg

(1.1 + 0.7)kg
= 0.611 

 

 

 

 

N
2
: 0.7kg 

CO
2
: 1.1kg 

V=0.1 m
3
 

T
1
=27°C 

T
2
=127°C 



(b) The molar analysis of the mixture 

 𝑛N2
=

𝑚N2

𝑀N2

 =
0.7 kg

28.01
kg

kmol

= 0.025 kmol 

𝑛CO2
=

𝑚CO2

𝑀CO2

=
1.1

44.01
kg

kmol

= 0.025 kmol 

 

Thus, 𝑛 =  0.05 kmol   and   𝑦CO2
= 𝑦N2

= 0.5    

 

(c) The partial pressure of the N2 is obtained using the ideal gas equation of state 

𝑝N2
=

𝑛N2
𝑅𝑇

𝑉
=

(0.025 kmol) (8.314 
KJ

kmol ∙ K
) |

1000 N ∙ m
1 KJ | (300 K)

(0.1 m3)
|

1 bar

105 N
m2

|

= 6.2355 bar 
 

Similarly, since  𝑛CO2
= 𝑛N2

,   𝑝CO2
= 6.2355 bar.  

 

(d) The mixture pressure is the sum of the partial pressure 

𝑝 =   𝑝N2
+   𝑝CO2

= 6.2355 + 6.2355 = 12.471 bar 

 

(e) With assumption 1 an energy balance reduces to give 

∆𝑈 = 𝑄 − 𝑊 = 𝑄 
 

The change in internal energy of the mixture, ΔU, equals the sum of the internal energy 

changes of the components 

𝑄 = 𝑛N2
[𝑢N2

(𝑇2) − 𝑢N2
(𝑇1)] + 𝑛CO2

[𝑢CO2
(𝑇2) − 𝑢CO2

(𝑇1)] 
 

With data from Tables A-23 

𝑄 = (0.025 kmol)[8314 − 6229] (
KJ

kmol
) + (0.025 kmol)[10,046 − 6939] (

kJ

kmol
)

= 129.8 KJ 
 

(f) The change in entropy of the mixture equals the sum of the entropy changes of the 

components, that is 

∆𝑆 = 𝑛N2
∆𝑠N2

+ 𝑛CO2
∆𝑠CO2

 

 

Where  ∆𝑠N2
 and  ∆𝑠CO2

  are evaluated with Eq. 12.36 and values of  𝑠
𝑜
 come from  

Table A-23 

∆𝑆 = (0.025 kmol) [200.071 − 191.682 − 8.314 ln
𝑝2

𝑝1
]

kJ

kmol ∙ K

+ (0.025 kmol) [225.225 − 213.915 − 8.314 ln
𝑝2

𝑝1
]

kJ

kmol ∙ K
 

 

 



To find p2/p1, use the ideal gas equation of state to write 

𝑝2 =
𝑛𝑅𝑇2

𝑉
;  𝑝1 =

𝑛𝑅𝑇1

𝑉
;  →  

𝑝2

𝑝1
=

𝑇2

𝑇1
=

400 K

300 K
=

4

3
 

 

Thus 

∆𝑆 = (0.025 kmol)[5.9972]
kJ

kmol ∙ K
+ (0.025 kmol)[8.9182]

kJ

kmol ∙ K
= 0.3729

kJ

K
 

 





















Problem 12.20   
 

Two cubic feet of gas A initially at 60
°
F, 15 lbf/in.

2
 is allowed to mix adiabatically with 8 ft

3
 of 

gas B initially at 60
°
F, 5 lbf/in.

2
 Assuming that the total volume remains constant and applying 

ideal gas mixture principles, determine 

(a)  the final mixture pressure, in lbf/in.
2
 

(b)  the entropy change of each gas in Btu/lbmol·
°
R. 

 

Known:  

Two ft
3
 of gas A initially at 60

°
F, 15 lbf/in.

2
 is allowed to mix adiabatically with 8 ft

3
 of gas B 

initially at 60
°
F, 5 lbf/in.

2
. 

 

Find:  

Determine the final pressure and the entropy change of each gas. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 Initial        Final 

 

Engineering Model:  

(1) The individual gases and the overall mixture behave as an ideal gas. 

(2) The Dalton model applies to the mixture. 

 

Analysis: 

As illustrated in the accompanying figure, the final temperature is 60
o
F. This can be confirmed 

by application of an energy balance to a system consisting of the two gases. 

 

(a) The final pressure can be determined using the ideal gas equation of state: 

𝑝 =
𝑛�̅�𝑇

𝑉
 

 

Where  𝑛 = 𝑛A + 𝑛B  and  𝑉 = 𝑉A + 𝑉B.  The amount of each gas present can also be found 

using the ideal gas equation of state: 

𝑛 = 𝑛A + 𝑛B =
𝑝A𝑉A

𝑅𝑇A

+
𝑝𝐵𝑉B

𝑅𝑇B

 

 

 

 

Gas A 

2 ft
3
 

15 lbf/in.
2
 

60
o
F 

Gas B 

8 ft
3
 

5 lbf/in.
2
 

60
o
F 

A + B 

10 ft
3
 

60
o
F 



Accordingly: 

𝑝 =

(
𝑝A𝑉A

𝑅𝑇A

+
𝑝B𝑉B

𝑅𝑇B

) �̅�𝑇

𝑉
= [(

𝑉A

𝑉
) 𝑝A + (

𝑉B

𝑉
) 𝑝B] = (

2

10
) (15) + (

8

10
) (5) = 7

lbf

in.2
 

 

 

(b) The change in entropy of each component can be determined using either Eq. 6.21 or Eq. 

6.22. Since the initial volume of each is known and each gas is assumed to occupy the full 

mixture volume, Eq. 6.21 is convenient: 

∆𝑠A = 𝑐𝑣 ln
𝑇

𝑇A
+ 𝑅 ln

𝑉

𝑉A
= 0 + (1.986

Btu

lbmol ∙ °R
) ln

10

2
= 3.1963 

Btu

lbmol ∙ °R
 

 

∆𝑠B = 𝑐𝑣 ln
𝑇

𝑇B
+ 𝑅 ln

𝑉

𝑉B
= 0 + (1.986

Btu

lbmol ∙ °R
) ln

10

8
= 0.4432 

Btu

lbmol ∙ °R
 

 

 



























Problem 12.27   
 

An insulated tank having a total volume of 0.6 m
3
 is divided into two compartments. Initially one 

compartment contains 0.4 m
3
 of hydrogen (H2) at 127

o
C, 2 bar and the other contains nitrogen 

(N2) at 27
o
C, 4 bar. The gases are allowed to mix until an equilibrium state is attained. Assuming 

the ideal gas model with constant specific heats, determine 

(a)  the final temperature, in 
o
C. 

(b)  the final pressure, in bar. 

(c)  the amount of entropy produced, in kJ/K. 

 

Known:  

Hydrogen and nitrogen, initially separate at different temperatures and pressures, are allowed to 

mix adiabatically to equilibrium. 

 

Find:  

Determine the final temperature and pressure, and the amount of entropy produced. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The system shown in the accompanying figure experiences no change in kinetic or potential 

energy and there is no energy transfer by heat transfer or work. 

(2) The individual gases and the overall mixture behave as an ideal gas. 

(3) The Dalton model applies to the mixture. 

(4) Specific heats are constant. 

 

Analysis: 

(a) The final temperature can be determined from an energy balance which reduces to give:  

∆𝑈 = 𝑄 − 𝑊 = 0   
The change in internal energy equals the sum of the internal energy changes of the two gases 

∆𝑈 = ∆𝑈H2
+ ∆𝑈N2

= 𝑛H2
𝑐𝑣,H2

[𝑇𝑓 − 𝑇H2
] + 𝑛N2

𝑐𝑣,N2
[𝑇𝑓 − 𝑇N2

] = 0                                   (1) 

 

Where Tf is the final temperature and TH2 and TN2 denote, respectively, the initial 

temperatures of the H2 and N2. In accord with assumption 4, the specific heats are taken as 

constants. Solving Eq. (1) 

𝑇𝑓 =
𝑛H2

𝑐𝑣,H2
𝑇H2

+ 𝑛N2
𝑐𝑣,N2

𝑇N2

𝑛H2
𝑐𝑣,H2

+ 𝑛N2
𝑐𝑣,N2

                                                                                                     (2) 

 

N
2
 

0.2 m
3
 

300 K 

4 bar 

H
2
 

0.4 m
3
 

400 K 

2 bar 



Evaluating specific heats at 350 K from Table A-20,  𝑐𝑣,H2
= 10.302

kJ

kg∙K
  and  𝑐𝑣,N2

=

0.744
kJ

kg∙K
  Then, with the ideal gas equation of state 

𝑛H2
=

𝑝H2
𝑉

𝑅𝑇H2

=
(2 ∙ 105 N

m2) (0.4 m3)

(8314
N ∙ m

kmol ∙ K
) (400 K)

= 0.02406 kmol 

𝑛N2
=

𝑝N2
𝑉

𝑅𝑇N2

=
(4 ∙ 105 N

m2) (0.2 m3)

(8314
N ∙ m

kmol ∙ K
) (300 K)

= 0.03207 kmol 

 

Where pH2 and pN2 denote the initial pressures of H2 and N2 respectively, and not partial 

pressures. Inserting values into Eq. (2) together with  𝑐𝑣 = 𝑀𝑐𝑣 using Table A-1 

 
𝑇𝑓 = 

(0.02406 kmol) (2.016
kg

kmol
∙ 10.302

kJ
kg ∙ K

) (400 K) + (0.03207 kmol) (28.01
kg

kmol
∙ 0.744

kJ
kg ∙ K

) (300 K)

(0.02406 kmol) (2.016
kg

kmol
∙ 10.302

kJ
kg ∙ K

) + (0.03207 kmol) (28.01
kg

kmol
∙ 0.744

kJ
kg ∙ K

)

=
199.879 + 200.496

1.168
= 342.8 K ≅ 70°C 

 

 

(b) Using the ideal gas equation of state: 

𝑝𝑓 =
𝑛𝑅𝑇𝑓

𝑉

= [
[(0.02406 + 0.03207)kmol] (8.314

kJ
kmol ∙ K

) |
1000 N ∙ m

1 KJ | (342.8 K)

0.6 m3
] |

1 bar

105 N
m2

|

= 2.67 bar 
 

 

(c) An entropy balance reduces with Q = 0 to give 

∆𝑆 = ∫ (
𝛿𝑄

𝑇
)

𝑏
+ 𝜎

2

1

⟹ 𝜎 = ∆𝑆 = ∆𝑆H2
+ ∆𝑆N2

                                                                            (3) 

 

The H2 undergoes a process from 400 K, 2 bar to 342.8 K with the partial pressure: 

𝑦H2
𝑝𝑓 = (

0.02406 kmol

0.05613 kmol
) (2.67 bar) = 1.144 bar 

 

Thus, with  𝑐𝑃 = 𝑐𝑣 + 𝑅 

𝑐𝑝,H2= (2.018
kg

kmol
∙ 10.302

kJ

kg ∙ K
) + 8.314

kJ

kmol ∙ K
= 29.103

kJ

kmol ∙ K
 

 



Using Eq. 6.22 with p2 corresponding to the final partial pressure for each component 

∆𝑆H2
= (0.02406 kmol) [(29.103

kJ

kmol ∙ K
) (ln

342.8

400
) − (8.314

kJ

kmol ∙ K
) (ln

1.144

2
)]

= 0.00369
kJ

K
 

 

The N2 undergoes a process from 300 K, 4 bar to 342.8 K and the partial pressure 

𝑦N2
𝑝f = (

0.03207 kmol

0.05613 kmol
) (2.67 bar) = 1.526 bar 

 

Thus, with  𝑐𝑃 = 𝑐𝑣 + 𝑅: 

𝑐𝑝,N2= (28.01
kg

kmol
∙ 0.744

kJ

kg ∙ K
) + 8.314

kJ

kmol ∙ K
= 29.153

kJ

kmol ∙ K
 

 

∆𝑆N2
= (0.03207 kmol) [(29.153

kJ

kmol ∙ K
) (ln

342.8

300
) − (8.314

kJ

kmol ∙ K
) (ln

1.526

4
)]

= 0.38162
kJ

K
 

 

Substituting values into Eq. (3): 

𝜎 = (0.00369 + 0.38162)
kJ

K
= 0.3853

kJ

K
 

 

 









Problem 12.30  
 

Carbon dioxide (CO2) at 197°C, 2 bar enters a chamber at steady state with a molar flow rate of 2 

kmol/s and mixes with nitrogen (N2) entering at 27°C, 2 bar with a molar flow rate of 1 kmol/s. 

Heat transfer from the mixing chamber occurs at an average surface temperature of 127°C. A 

single stream exits the mixing chamber at 127°C, 2 bar and passes through a duct, where it cools 

at constant pressure to 42°C through heat transfer with the surroundings at 27°C. Kinetic and 

potential energy effects can be ignored. Determine the rates of heat transfer and exergy 

destruction, each in kW, for control volumes enclosing 

(a)  the mixing chamber only. 

(b)  the mixing chamber and enough of the nearby surroundings that heat transfer occurs at 27°C. 

(c)  the duct and enough of the nearby surroundings that heat transfer occurs at 27°C. 

 

Let T0 = 27°C. 

 

Known:  

CO2 and N2 at specified temperatures, pressures, and water flow rates enter a chamber. A 

mixture exits at a specified temperature and pressure and passes through a duct where it cools at 

constant pressure to a known temperature.  

 

Find:  

Determine the rates of heat transfer and exergy destroyed for each of three alternative control 

volumes. 

 

Schematic & Given Data: 

 

 
 

Engineering Model:  

(1) The control volumes shown in the accompanying figure are at steady state, with �̇�cv = 0, 

and negligible effects of kinetic and potential energy. 

(2) Each gas behaves as an ideal gas and the mixture adheres to the Dalton model 

(3) The dead state reference environment is at To = 300 K. 

 

4 

P4 = 2 bar 

T4 = 315 K 



 

Analysis: 

The molar flow rate of the mixture at 3 is:  �̇�3 = �̇�1 + �̇�2 = 3
kmol

s
. The mole fractions of the 

mixture components at 3 are  

𝑦CO2
=

2

3
 , 𝑦N2

=
1

3
 

 

(a) For a control colume enclosing the mixing chamber only, an energy rate balance reduces 

with assumption 1 to give 

0 = �̇�cv − �̇�cv +  �̇�1ℎ̅CO2
(𝑇1) + �̇�2ℎ̅N2

(𝑇2) − �̇�ℎ̅(𝑇3) 

 

 

Where ℎ̅(𝑇3) = 𝑦CO2
ℎ̅CO2

(𝑇3) + 𝑦N2
ℎ̅N2

(𝑇3). Thus, collecting results 

 

�̇�cv = �̇�1[ℎ̅CO2
(𝑇3) − ℎ̅CO2

(𝑇1)] + �̇�2[ℎ̅N2
(𝑇3) − ℎ̅N2

(𝑇2)] 
 

With ℎ̅ data from Table A-23 

�̇�cv = [(2
kmol

s
) [(13,372 − 16,351)

kJ

kmol
] + (1

kmol

s
) [(11,640 − 8723)

kJ

kmol
]] (

kW

kJ/s
)

= −3041 kW 
 

For heat transfer taking place at Tb = 400 K, an entropy rate balance reads 

0 =
�̇�cv

𝑇𝑏
+ �̇�1�̅�CO2

(𝑇1, 𝑝1) + �̇�2�̅�N2
(𝑇2, 𝑝2) − �̇�3�̅�3 + �̇�cv                                                            (1) 

 

Where  �̅�3 = 𝑦CO2
�̅�CO2

(𝑇3, 𝑦CO2
𝑝3) + 𝑦𝑁2

�̅�N2
(𝑇3, 𝑦N2

𝑝3). Collecting results and solving 

for  �̇�cv  

 

�̇�cv = −
�̇�cv

𝑇b
+ �̇�1[�̅�𝐶𝑂2

(𝑇3, 𝑦CO2
𝑝3) − �̅�CO2

(𝑇1, 𝑝1)] + �̇�2[�̅�N2
(𝑇3, 𝑦N2

𝑝3) − �̅�N2
(𝑇2, 𝑝2)] 

= −
�̇�cv

𝑇b
+ �̇�1[�̅�CO2

𝑜 (𝑇3) − �̅�CO2

𝑜 (𝑇1) − �̅� ln 𝑦CO2
] + �̇�2[�̅�N2

𝑜 (𝑇3) − �̅�N2

𝑜 (𝑇2) − �̅� ln 𝑦N2
]            (2) 

 

With �̅�𝑜 data from Table A-23  

�̇�cv =
− (−3041

kJ
s )

400 K
+ (2

kmol

s
) [225.225 − 232.080 − 8.314 ln

2

3
]

kJ

kmol ∙ K

+ (1
kmol

s
) [200.071 − 191.682 − 8.314 ln

1

3
]

kJ

kmol ∙ K
 

= (7.6025
kJ/s

K
) + (−6.9679

kJ/s

K
) + (17.5229

kJ/s

K
) = 18.1575

kJ/s

K
 

 

 

 



The exergy destruction rate is: 

Ėd = 𝑇𝑜�̇�cv = (300 K) (18.1575
kJ/s

K
) = 5447 kW 

 

(b) The rate of heat transfer is the same in part (a) for an enlarged control volume enclosing the 

mixing chamber and enough of the nearby surroundings that heat transfer occurs at Tb = 300 

K. The rate of entropy production is given by Eq. (2), except now Tb = 300 K 

�̇�cv = (
− (−3041

kJ
s )

300 K
) + (−6.9679

kJ/s

K
) + (17.5229

kJ/s

K
) = 20.6917

kJ/s

K
 

And the exergy destruction rate is 

Ėd = 𝑇0�̇�cv = (300 K) (20.6917
kJ/s

K
) = 6208 kW 

 

(c) For a control volume enclosing the duct and enough of the nearby surroundings that heat 

transfer occurs at Tb = 300K, an energy rate balance reduces to: 

0 = �̇�cv − �̇�𝑐𝑣 + �̇�3ℎ̅3 − �̇�4ℎ̅4  ⟹ �̇�cv = �̇�4ℎ̅4 − �̇�3ℎ̅3 = �̇�(ℎ̅4 − ℎ̅3) 

 

The molar flow rates are equal and each enthalpy has the form  ℎ̅ = 𝑦CO2
ℎ̅CO2

+ 𝑦N2
ℎ̅N2

. 

Accordingly and using Table A-23 with interpolation 

 

�̇�cv = 𝑛1̇[ℎ̅CO2
(𝑇4) − ℎ̅CO2

(𝑇3)] + 𝑛2̇[ℎ̅N2
(𝑇4) − ℎ̅N2

(𝑇3)] 

= (2
kmol

s
) [(9996.5 − 13,372)

kJ

kmol
] + (1

kmol

s
) [(9160 − 11,640)

kJ

kmol
] 

= −9231 kW 
 

An entropy rate balance takes the form: 

0 =
�̇�cv

𝑇b
+ �̇�(�̅�3 − �̅�4) + �̇�cv  ⟹ �̇�cv = −

�̇�cv

𝑇b
+ �̇�(�̅�4 − �̅�3)   

 

Each entropy term has the form  �̅� = 𝑦CO2
�̅�CO2

+ 𝑦N2
�̅�N2

, where 𝑠C̅O2
and �̅�N2

 are evaluated at 

the mixture temperature and the partial pressure of CO2 and N2 respectively. Accordingly and 

using Table A-23 with interpolation 

�̇�cv = −
�̇�cv

𝑇b
+ �̇�1 [�̅�CO2

𝑜 (𝑇4) − �̅�CO2

𝑜 (𝑇3) − �̅� ln
𝑦CO2

𝑝4

𝑦CO2
𝑝3

] + �̇�2 [�̅�N2

𝑜 (𝑇4) − �̅�N2

𝑜 (𝑇3) − �̅� ln
𝑦CO2

𝑝4

𝑦CO2
𝑝3

] 

 

Thus: 



�̇�cv = −
�̇�cv

𝑇b
+ �̇�1[�̅�CO2

𝑜 (𝑇4) − �̅�CO2

𝑜 (𝑇3)] + �̇�2[�̅�N2

𝑜 (𝑇4) − �̅�N2

𝑜 (𝑇3)]

=
− (−9231

kJ
s )

300 K
+ (2

kmol

s
) [215.749 − 225.225]

kJ
s

kmol ∙ K

+ (1
kmol

s
) [193.1 − 200.071]

kJ
s

kmol ∙ K

= 30.77

kJ
s
K

+ (−18.952

kJ
s
K

) + (−6.971

kJ
s
K

) = 4.847
kW

K
 

The exergy destruction rate is: 

Ėd = 𝑇0�̇�cv = (300 K) (4.847
kJ/s

K
) = 1454 kW 













Problem 12.34   
 

A device is being designed to separate a natural gas having a molar analysis of 94% CH4 and 6% 

C2H6 into components. The device will receive natural gas at 20
o
C, 1 atm with a volumetric flow 

rate of 100 m
3
/s. Separate streams of CH4 and C2H6 will exit, each at 20

o
C, 1 atm. The device 

will operate isothermally at 20
o
C. Ignoring kinetic and potential energy effects and assuming 

ideal gas behavior, determine the minimum theoretical work input required at steady state, in 

kW. 

 

Known:  

Data are provided for a device operating at steady state that separates a natural gas into 

components. 

 

Find:  

Determine the minimum theoretical power input required. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volumes shown in the accompanying figure operates isothermally and at steady 

state. 

(2) Kinetic and potential energy effects can be ignored. 

(3) Ideal gas principles apply for the pure components. 

(4) The mixture adheres to the Dalton model. 

 

Analysis: 

The mass flow rate at 1 is obtained by using the given volumetric flow rate and the ideal gas 

equation of state: 

�̇�1 =
(AV)1

𝑣1
=

𝑝1(AV)1

(�̅�/𝑀)𝑇1

 

 

Where  𝑀 = 𝑦CH4
𝑀CH4

+ 𝑦C2H6
𝑀C2H6

= (0.94)(16.04) + (0.06)(30.07) = 16.88 
kg

kmol
. Thus 

�̇�1 =
(1.01325 ∙ 105 N

m2) (100
m3

s )

(
8314
16.88

N ∙ m
kg ∙ K

) (293 K)
= 70.2

kg

s
 

 

CH
4
 

20
o
C, 1 atm 

C
2
H

6
 

20
o
C, 1 atm 

Mixing Chamber 

1 

T
b
 = 293 K 

20
o
C, 1 atm 

(AV)
1
 = 100 m

3
/s 

𝑦CH4
= 0.94 

𝑦C2H6
= 0.06 

2 

3 



The molar flow rate is 

�̇�1 =
�̇�1

𝑀
=

70.2
kg
s

16.88
kg

kmol

= 4.1588
kmol

s
 

 

Then: 

�̇�CH4
= 𝑦CH4

�̇�1 = (0.94)(4.1588) = 3.9093
kmol

s
 

�̇�C2H6
= 𝑦C2H6

�̇�1 = (0.06)(4.1588) = 0.2495
kmol

s
 

 

With assumptions 1 and 2, an energy rate balance reduces to 

0 = �̇�cv − �̇�cv + [�̇�CH4
ℎ̅CH4

(𝑇1) + �̇�C2H6
ℎ̅C2H6

(𝑇1)] − [�̇�CH4
ℎ̅CH4

(𝑇2) + �̇�C2H6
ℎ̅C2H6

(𝑇3)] 

 

Since T1=T2=T3, the only remaining terms are �̇�cv = �̇�cv. 

 

An entropy rate balance reduces at steady state to: 

0 =
�̇�cv

𝑇b
+ [�̇�CH4

�̅�CH4
(𝑇1, 𝑦CH4

𝑝1) + �̇�C2H6
�̅�C2H6

(𝑇1, 𝑦C2H6
𝑝1)]

− [�̇�CH4
�̅�CH4

(𝑇2, 𝑝2) + �̇�C2H6
�̅�C2H6

(𝑇3, 𝑝3)] + �̇�cv 

 

Or, upon rearrangement and inserting �̇�cv = �̇�cv : 

−�̇�cv = 𝑇𝑏{�̇�CH4
[�̅�CH4

(𝑇1, 𝑦CH4
𝑝1) − �̅�CH4

(𝑇2, 𝑝2)]

+ �̇�C2H6
[�̅�C2H6

(𝑇1, 𝑦C2H6
𝑝1) − �̅�C2H6

(𝑇3, 𝑝3)] + �̇�cv} 

 

In this equation (−�̇�cv)  is the work input. Since �̇�cv ≥ 0, it follows that (−�̇�cv) is a minimum 

when �̇�cv = 0. Accordingly: 

(−�̇�cv)
𝑚𝑖𝑛

= 𝑇𝑏{�̇�CH4
[�̅�CH4

𝑜 (𝑇1) − �̅�CH4

𝑜 (𝑇2) − �̅� ln 𝑦CH4
]

+ �̇�C2H6
[�̅�C2H6

𝑜 (𝑇1) − �̅�C2H6

𝑜 (𝑇3) − �̅� ln 𝑦C2H6
]} 

 

Again, since T1=T2=T3, the �̅�𝑜 terms cancel each other out, leaving: 

(�̇�cv)
𝑚𝑖𝑛

= −�̅�𝑇b{�̇�CH4
ln 𝑦CH4

+ �̇�C2H6
ln 𝑦C2H6

}

= − (8.314
kJ

kmol ∙ K
) (293 K) {(3.9093

kmol

s
) ln 0.94

+ (0.2495
kmol

s
) ln 0.06} = −2299.2 

kJ

s
 |

1 kW

1 
kJ
s

| = −2299.2 kW 

 

 

 

 



Problem 12.35   
 

Air at 50°C, 1 atm and a volumetric flow rate of 60 m
3
/min enters an insulated control volume 

operating at steady state and mixes with helium entering as a separate stream at 120°C, 1 atm and 

a volumetric flow rate of 25 m
3
/min. A single mixed stream exits at 1 atm.  Ignoring kinetic and 

potential energy effects, determine for the control volume 

(a)  the temperature of the exiting mixture, in °C. 

(b)  the rate of entropy production, in kW/K. 

(c)  the rate of exergy destruction, in kW, for T0 = 295 K. 

 

Known: 

60 m
3
/min of air at 50°C, 1 atm is mixed adiabatically and at steady state with 25 m

3
/min of 

helium at 100°C, 1 atm to form a mixed stream at 1 atm. 

 

Find:  

Determine (a) the temperature of the exiting mixture, (b) the rate of entropy production, and (c) 

the rate of exergy destruction. 

 

Schematic and Known Data: 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) The control volume shown in the figure is at steady state. 

(2) For the control volume, �̇�cv = �̇�cv = 0, and the effects of kinetic and potential energy can be 

ignored. 

(3) The entering gases each can be modeled as an ideal gas and the exiting mixture adheres to 

the Dalton model. 

(4) The specific heat cp,a is taken as a constant for air at 350 K. 

 

Analysis: 

(a) Mass rate balances at steady state indicate that 

�̇�a1 = �̇�a3 ≡ �̇�a 

�̇�h2 = �̇�h3 ≡ �̇�h 

An energy rate balance at steady state reduces to read 

0 = [�̇�a1ℎ𝑎(𝑇1) + �̇�h2ℎℎ(𝑇2)] − [�̇�a3ℎa(𝑇3) + �̇�h3ℎh(𝑇3)], or 

0 = �̇�a[ℎa(𝑇3) − ℎa(𝑇1)] − �̇�h[ℎh(𝑇3) − ℎh(𝑇2)]                                                      (1) 
 

2 

3 

1 

Air 

60 m
3
/min 

50
o
C 

1 atm 

Helium 

25 m
3
/min 

120
o
C 

1 atm 

𝑇3 

Mixed 

1 atm 



For helium, Table A-21 (see note a) indicates that 𝑐𝑝ℎ =
5

2
𝑅. Since the final temperature will fall 

between T1 and T2, and the difference is relatively narrow, cp for air is also taken as constant. The 

value at 350 K is used: 𝑐𝑝𝑎 = 1.008
kJ

kg∙K
 (Table A-20). Thus, Eq. (1) gives: 

0 = �̇�a𝑐𝑝𝑎(𝑇3 − 𝑇1) + �̇�h𝑐𝑝ℎ(𝑇3 − 𝑇2), rearranging and solving for 𝑇3    

 

 𝑇3 = 
�̇�a𝑐𝑝𝑎𝑇1 + �̇�h𝑐𝑝ℎ𝑇2

(�̇�h𝑐𝑝ℎ + �̇�a𝑐𝑝𝑎)      
                                                                                                 (2) 

 

The mass flow rates are found from the volumetric flow rates 

�̇�a =
(AV)1𝑝1
𝑅𝑇1

=
(60

m3

min ∙
1 min
60 s ) (1.013 ∙ 10

5 N
m2
)

(
8314
28.97

N ∙ m
kg ∙ K

) (323 K)
= 1.093

kg

s
 

�̇�h =
(AV)2𝑝2
𝑅𝑇2

=
(25

m3

min ∙
1 min
60 s ) (1.013 ∙ 10

5 N
m2
)

(
8314
4.003

N ∙ m
kg ∙ K

) (393 K)
= 0.0517

kg

s
 

Solving Eq. (2): 

𝑇3 = 
�̇�a𝑐𝑝𝑎𝑇1 + �̇�h𝑐𝑝ℎ𝑇2

(�̇�h𝑐𝑝ℎ + �̇�a𝑐𝑝𝑎)      

=

(1.093
kg
s ) (1.008

kJ
kg ∙ K

) (323 K) + (0.0517
kg
s )(

5
2(
8.314

kJ
kmol ∙ K

4.003
kg
kmol

)) (393 K)

̇

(

 
 
(0.0517

kg
s )(

5
2(
8.314

kJ
kmol ∙ K

4.003
kg
kmol

)) + (1.093
kg
s ) (1.008

kJ
kg ∙ K

)

)

 
 
      

=
(355.86 kW) + (105.5 kW)

 (0.268
kW
K ) + (1.102

kW
K )     

= 336.8 K =  63.6°C  

 

 

(b) Reducing an entropy rate balance 

 

0 = �̇�a𝑠a(𝑇1, 𝑝) + �̇�h𝑠ℎ(𝑇2, 𝑝) − [�̇�a𝑠a(𝑇3, 𝑦a𝑝) + �̇�h𝑠h(𝑇3, 𝑦h𝑝)] + �̇� 
 

Rearranging and simplifying 

�̇� = �̇�a [𝑐𝑝𝑎 ln
𝑇3
𝑇1
−
�̅�

𝑀𝑎
ln 𝑦a] + �̇�h [𝑐𝑝ℎ ln

𝑇3
𝑇2
−
�̅�

𝑀h
ln 𝑦h] 

 

The mole fractions are evaluated as follows 



�̇�a =
�̇�a
𝑀a

=
1.093

kg
s

28.97
kg
kmol

= 0.03773
kmol

s
 

�̇�h =
�̇�h
𝑀h

=
0.05167

kg
s

4.003
kg
kmol

= 0.0129
kmol

s
 

Using molar flow rates to determine mole fraction: 

 

𝑦a =
�̇�a
�̇�
=

0.03773

0.03773 + 0.0129
= 0.745, 𝑦h =

�̇�h
�̇�
=

0.0129

0.03773 + 0.0129
= 0.255 

 

Solving for �̇�: 

�̇� = (1.093
kg

s
) [(1.008

kJ

kg ∙ K
) ln

336.8

323
− (

8.314
kJ

kmol ∙ K

28.97
kg
kmol

) ln 0.745]

+ (0.0517
kg

s
) [
5

2
(
8.314

kJ
kmol ∙ K

4.003
kg
kmol

) ln
336.8

393
− (

8.314
kJ

kmol ∙ K

4.003
kg
kmol

) ln 0.255]

= 0.2437
kW

K
 

 

 

(c) The exergy destruction rate is: 

Ėd = 𝑇0�̇�cv = (295 K) (0.2437
kW

K
) = 72 kW 

  







Problem 12.37   
 

Carbon dioxide (CO2) at 100°F, 18 lbf/in.
2
 and a volumetric flow rate of 250 ft

3
/min enters an 

insulated control volume operating at steady state and mixes with oxygen (O2) entering as a 

separate stream at 190°F, 18 lbf/in.
2
 and a mass flow rate of 60 lb/min. A single mixed stream 

exits at 15 lbf/in.
2
 Kinetic and potential energy effects can be ignored. Using the ideal gas model 

with constant specific heats, determine for the control volume 

(a)  the temperature of the exiting mixture, in °F. 

(b) the rate of entropy production, in Btu/min°R. 

(c)  the rate of exergy destruction, in Btu/min, for T0 = 40°F. 

 

Known:  

250 ft
3
/min of CO2 at 100°F, 18 lbf/in.

2
 is mixed adiabatically at steady state with 60 lb/min of 

O2 at 190°F, 18 lbf/in.
2
 to form a mixed stream at 15 lbf/in.

2
 

 

Find:  

Determine (a) the temperature of the exiting mixture, (b) the rate of entropy production, and (c) 

the rate of exergy destruction.  

 

Schematic and Known Data: 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) The control volume shown in the figure is at steady state. 

(2) For the control volume, �̇�cv = �̇�cv = 0, and the effects of kinetic and potential energy can be 

ignored. 

(3) The entering gases each can be modeled as an ideal gas and the exiting mixture adheres to 

the Dalton model. 

(4) The specific heats cp can be taken as constants. 

(5) For the exergy reference environment, T0 = 500° R. 

 

Analysis: 

(a) Mass rate balances at steady state indicate that: 

�̇�CO2,1 = �̇�CO2,3 ≡ �̇�CO2
 

�̇�O2,2 = �̇�O2,3 ≡ �̇�O2
 

 

2 

3 

1 

CO2 

250 ft
3
/min 

100
o
F 

18 lbf/in.
2
 

O2 

60 lb/min 

190
o
F 

18 lbf/in.
2
 

Mixed Stream 

15 lbf/in.
2
 

T3 



An energy rate balance at steady state reduces to read 

 

0 = [�̇�CO2
ℎCO2

(𝑇1) + �̇�O2
ℎO2

(𝑇2)] − [�̇�CO2
ℎCO2

(𝑇3) + �̇�O2
ℎO2

(𝑇3)] 
 

or on rearrangement with assumption (4) 

 

0 = �̇�CO2
𝑐𝑝CO2

(𝑇3 − 𝑇1) + �̇�O2
𝑐𝑝O2

(𝑇3 − 𝑇2) and solving for 𝑇3 

 

𝑇3 =
�̇�CO2

𝑐𝑝CO2
𝑇1 + �̇�O2

𝑐𝑝O2
𝑇2 

(�̇�CO2
𝑐𝑝CO2

+ �̇�O2
𝑐𝑝O2

)
                                                            (1) 

 

As T3 will fall between T1 and T2, and the temperature difference is narrow, cp for each gas is 

then taken as constant at the average temperature of 145°F. With data from Table A-20E, 

𝑐𝑝CO2
= 0.2104

Btu

lb°R
, 𝑐𝑝O2

= 0.2214
Btu

lb°R
. The mass flow rate of CO2 is found as follows: 

 

�̇�CO2
=

(AV)1𝑝1

𝑅𝑇1
=

(250
ft3

min) (18
lbf
in.2

∙
144in.2

ft2 )

(
1545
44.01

ft ∙ lbf
lb°R

) (560°R)
= 33

lb

min
 

 

Substituting values in Eq. (1) and solving: 

 

𝑇3 =
(33

lb
min) (0.2104

Btu
lb ∙ °R

) (560°R) + (60
lb

min) (0.2214
Btu

lb ∙ °R
) (650°R) 

((33
lb

min) (0.2104
Btu

lb ∙ °R
) + (60

lb
min) (0.2214

Btu
lb ∙ °R

))

 

 

𝑇3 = 619°R = 159°F 
 

(b) An entropy balance reads: 

0 = �̇�CO2
𝑠CO2

(𝑇1, 𝑝1) + �̇�O2
𝑠O2

(𝑇2, 𝑝2) − [�̇�CO2
𝑠CO2

(𝑇3, 𝑦CO2
𝑝3) + �̇�O2

𝑠O2
(𝑇3, 𝑦O2

𝑝3) + �̇� 

or 

�̇� = �̇�CO2
[𝑠CO2

(𝑇3, 𝑦CO2
𝑝3) − 𝑠CO2

(𝑇1, 𝑝1)] + �̇�O2
[𝑠O2

(𝑇3, 𝑦O2
𝑝3) − 𝑠O2

(𝑇2, 𝑝2)] 

�̇� = �̇�CO2
[𝑐𝑝CO2

ln
𝑇3

𝑇1
−

�̅�

𝑀CO2

ln 𝑦CO2

𝑝3

𝑝1
] + �̇�O2

[𝑐𝑝O2
ln

𝑇3

𝑇2
−

�̅�

𝑀O2

ln 𝑦O2

𝑝3

𝑝2
] 

 

To obtain the mole fractions 

�̇�CO2
=

�̇�CO2

𝑀CO2

=
33

lb
min

44.01
lb

lbmol

= 0.7498
lbmol

min
 

�̇�O2
=

�̇�O2

𝑀O2

=
60

lb
min

32
lb

lbmol

= 1.875
lbmol

min
 



therefore 

𝑦CO2
=

�̇�CO2

�̇�
=

0.7498

0.7498 + 1.875
= 0.286,    𝑦O2

=
�̇�O2

�̇�
=

1.875

0.7498 + 1.875
= 0.714 

 

Thus 

�̇� = (33
lb

min
) [(0.2104

Btu

lb°R
) ln

619

560
− (

1.986
Btu

lbmol°R

44.01
lb

lbmol

) ln (0.286 (
15

18
))]

+ (60
lb

min
) [(0.2214

Btu

lb°R
) ln

619

650
− (

1.986
Btu

lbmol°R

32
lb

lbmol

) ln (0.714 (
15

18
))]

= 4.12
Btu

min ∙ °R
 

 

(c) The rate of exergy destruction can be found as follows: 

Ėd = 𝑇0�̇� = (500°R) (4.12
Btu

min ∙ °R
) = 2060

Btu

min
  

 

















































Problem 12.50   
 

A fixed amount of air initially at 14.5 lbf/in.
2
, 80°F, and a relative humidity of 50% is 

compressed isothermally until condensation of water begins. Determine the pressure of the 

mixture at the onset of condensation, in lbf/in.
2
 

 

Known:  

A fixed amount of air initially at 14.5 lbf/in.
2
, 80°F, and ϕ = 50% is compressed isothermally 

until the onset of condensation. 

 

Find:  

Determine the mixture pressure when condensation begins. 

 

Schematic & Given Data:  

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The system consists of a fixed amount of moist air, as illustrated in the accompanying figure. 

(2) The moist air acts as an ideal gas mixture with each component adhering to the Dalton 

model. 

 

Analysis: 

As long as there is no condensation, the mole fraction of the water vapor, yv remains constant. 

Thus, the partial pressure of the water vapor at each state visited during the isothermal 

compression is pv=yvp, where p is the corresponding mixture pressure. For example, pv1=yvp1, 

where p1=14.5 lbf/in.
2
. The onset of condensation occurs when the mixture becomes saturated: 

state 2. Accordingly, pg(80°F)=yvp2, where p2 is the mixture pressure. Forming the ratio of partial 

pressures 
𝑝v1

𝑝g(80°𝐹)
=
𝑝v1
𝜙1

=
𝑦v𝑝1
𝑦v𝑝2

=
𝑝1
𝑝2

 

 

Accordingly 

𝑝2 =
𝑝1
𝜙1

=
14.5

lbf
in.2

0.5
= 29

lbf

in.2
 

 

1 

2 

p
v1

 
pg  

Moist air 

14.5 lbf/in.
2
 

80°F 

ϕ =50% 

T 

v 

80°F 

(80°F) 

Onset of condensation: 



 

1 

 

Corrected October, 2011 

Problem 12.51 

 

As seen in Fig. P12.51, moist air at 30
o
C, 2 bar, and 50% relative humidity enters a heat 

exchanger operating at steady state with a mass flow rate of 600 kg/h and is cooled at 

essentially constant pressure to 20
o
C.  Ignoring kinetic and potential energy effects, 

determine the rate of heat transfer from the moist air stream, in kJ/h. 

1 3 T2 = 20oC

p2 = 2 atm

T1 = 30oC

p1 = 2 bar

ϕ1=50%

h

kg
600m

 
 

Fig. P12.51 

 

Solution: 

 

Known: 

Moist air at known conditions enters a heat exchanger operating at steady state and is 

cooled. 

 

Find: 

Determine the rate of heat transfer. 

 

Schematic and Known Data: 

Refer to Fig. P12.51 and below. 

T

v

30oC

 

 

Dew point 

temperature

pv

 20oC

 
Engineering Model: 

(1) The control volume shown in the accompanying figure operates at steady state with 

0cv W  and negligible effects of kinetic and potential energy.   



 

2 

 

(2) Moist air acts as an ideal gas, with each component adhering to the Dalton model. 

(3) Pressure remains constant through the cooling process. 

 

Analysis: 

The first step is to determine whether condensation occurs.  As long as there is no 

condensation the mole fraction of the water vapor, yv, remains constant.  Thus, as cooling 

occurs at fixed mixture pressure (assumption 3), the partial pressure of the water vapor 

remains constant until a saturated mixture would be attained: pyp vv  .  The onset of 

condensation in this case corresponds, therefore, to the dew point temperature.  Using 

given data 

     C4.18bar 2123.0bar 04246.050.0C30 o

dp

o

g1v  Tpp   

Accordingly, condensation does not take place. 

At steady state, mass rate balances result in 

air: aa2a1 mmm    

water: vv2v1 mmm    

therefore, 
a

v

m

m




  

The total mass flow rate is the sum:   1aav mmmm  , where 

kg(air)

(vapor) kg
 00667.0

bar 2123.02

bar 2123.0
622.0622.0

v

v 



p-p

p
  

Accordingly, 

  h

kg(air)
 02.596

00667.1

hkg 600

1
a 






m
m


  

With assumptions 1 and 2 an energy rate balance reduces to give 


   

2vvaa1vvaa

0

cvcv0 hmhmhmhmWQ  



 

or 

         
          1g2g1a2aa

1v2vv1a2aacv

      ThThThThm

ThThmThThmQ








 

where in accordance with  Thh gv   and with values from Tables A-2 and A-22 

 

 

  

h

kJ
 6.6055      

h

kJ
12.004.10 02.596      

kg(vapor)

kJ
3.25561.2538

kg(air)

kg(vapor)
00667.0                            

kg(air)

kJ
21.30317.293

h

kg(air)
 02.596cv































Q

 



Problem 12.52   
 

Two pounds of moist air initially at 100°F, 1 atm, 40% relative humidity is compressed 

isothermally to 4 atm. If condensation occurs, determine the amount of water condensed, in lb. If 

there is no condensation, determine the final relative humidity. 

 

Known:  

Two pounds of moist air initially at 100°F, 1 atm, 𝜙1 = 40% is compressed isothermally to 4 

atm. 

 

Find:  

Determine if condensation occurs. If so, find the amount condensed. If not, find 𝜙2.  

 

Schematic and Known Data: 

 
Engineering Model: 

(1) The system consists of a 2 lb sample of dry air and water. 

(2) For the vapor phase, ideal gas mixture principles apply. 

 

Analysis: 

If no condensation occurs, 𝑝𝑣2
≤ 𝑝𝑔(100°F). To check this 

𝜔1 = 𝜔2 ⟹ 0.622
𝑝𝑣1

𝑝1 − 𝑝𝑣1

= 0.622
𝑝𝑣2

𝑝2 − 𝑝𝑣2

⟹
𝑝𝑣1

𝑝1
=

𝑝𝑣2

𝑝2
⟹ 𝑝𝑣2

=
𝑝2

𝑝1
𝑝𝑣1

 

 

Then, with  𝑝𝑣1
= 𝜙1𝑝𝑔(100°F), this expression gives: 

𝑝𝑣2
= (

4 atm

1 atm
) (0.40𝑝𝑔(100°F)) = 1.6𝑝𝑔(100°F) 

However, for no condensation 𝑝𝑣2
≤ 𝑝𝑔, and so condensation occurs in this case. 

 

At the final state, the system consists of a gas phase (dry air plus saturated water vapor) and a 

liquid phase (saturated liquid). The amount condensed is: 

 

Amount condensed = 𝑚𝑣1
− 𝑚𝑣2

= 𝑚𝑎(𝜔1 − 𝜔2) 

 

Using values from Table A-2E 

Moist Air

m = 2 lb

p1 = 1 atm

T1 = 100oF

= 40%

p2 = 4 atm

1

pV1= ϕ1pg

pg(100oF)T

g

pV2

s



𝜔1 = 0.622
𝑝𝑣1

𝑝1 − 𝑝𝑣1

=
0.622(0.40)𝑝𝑔

𝑝1 − (0.40)𝑝𝑔
=

(0.622)(0.40) (0.9503
lbf
in.2

)

[14.7 − (0.40)(0.9503)]
lbf
in.2

= 0.01651
lb (vapor)

lb (air)
 

𝜔2 = 0.622
𝑝𝑔

𝑝2 − 𝑝𝑔
=

(0.622) (0.9503
lbf
in.2

)

[4 × 14.7 − (0.9503)]
lbf
in.2

= 0.01022
lb (vapor)

lb (air)
 

 

The mass of dry air is found from 𝑚mix = 𝑚𝑎 + 𝑚𝑣1
= 𝑚𝑎(1 + 𝜔1), giving: 

𝑚𝑎 =
𝑚mix

1 + 𝜔1
=

2 lb

1.01651
lb (vapor)

lb (air)

= 1.968 lb (air) 

 

Collecting results: 

Amount condensed = 𝑚𝑎(𝜔1 − 𝜔2) = 1.968(0.01651 − 0.01022) = 0.01238 lb (vapor) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



#1 

Problem 12.53   
 

A closed, rigid tank having a volume of 3 m
3
 contains moist air in equilibrium with liquid water 

at 80°C. The respective masses present initially are 10.4 kg of dry air, 0.88 kg of water vapor, 

and 0.17 kg of liquid water. If the tank contents are heated to 160°C, determine 

(a)  the final pressure, in bar. 

(b)  the heat transfer, in kJ.  

 

Known:  

A tank having a fixed volume initially contains moist air in equilibrium with water. The tank 

contents are heated from 80°C to 160°C. 

 

Find:  

Determine (a) the final pressure and (b) the heat transfer. 

 

Schematic & Given Data: 

 

 

Engineering Model:  

(1) As shown by the accompanying figure, the system is the tank contents. 

(2) Changes in kinetic and potential energy are zero value. 

(3) The moist air acts as an ideal gas, with each component adhering to the Dalton model. 

 

Analysis: 

The first step is to establish the condition of the system when at the final temperature. As the 

volume of the tank and the total mass of water remain constant, the water undergoes a constant 

specific volume process (see T-v diagram). The specific volume is found using vf and vg at 80°C 

from Table A-2: 

𝑣f = 1.0291 ×  10−3
m3

kg
;   𝑣g = 3.407

m3

kg
 

𝑣 =
𝑚v1

𝑣g + 𝑚w1
vf

𝑚v1
+ 𝑚w1

=
(0.88 kg) (3.407 

m3

kg
) + (0.17 kg) (1.0291 ×  10−3  

m3

kg
)

(0.88 + 0.17)kg
= 2.8556

m3

kg
 

 

V = 3 m
3
 

T
1
 = 80

o
C 

T
2
 = 160

o
C 

m
a 
= 10.4 kg 

m
v1 

= 0.88 kg 

m
w1

 = 0.17 kg 

T 

v 

1 

2 
160°C 

80°C 

vg at 160°C 

  



From Table A-2, since v is greater than 𝑣g(160𝑜C) = 0.3071
m3

kg
, all if the water present is vapor 

when the system is at 160°C. 

 

(a) The final pressure of the moist air within the tank can be obtained using the ideal gas 

equation of state: 

𝑝2 =
𝑛�̅�𝑇2

𝑉
=

(
𝑚𝑎

𝑀𝑎
+

𝑚𝑣

𝑀𝑣
) �̅�𝑇2

𝑉

=
[(

10.4
28.97 +

1.05
18.02) kmol] (8314

N ∙ m
kmol ∙ K

) (433 K)

(3 m3)
|

 1bar

105 N/m2
| = 5.01 bar 

 

(b) With assumptions 2 and 3, an energy balance gives Δ𝑈 = 𝑄 − 𝑊 or: 

𝑄 = Δ𝑈 = [𝑚a𝑢a(𝑇2) + 𝑚v𝑢g(𝑇2)] − [𝑚a𝑢a(𝑇1) + 𝑚v1𝑢g(𝑇1) + 𝑚w1𝑢f(𝑇1)] =

𝑚a[𝑢a(𝑇2) − 𝑢a(𝑇1)] + 𝑚v𝑢g(𝑇2) − 𝑚v1𝑢g(𝑇1) − 𝑚w1𝑢f(𝑇1) 

 

With data from Tables A-2 and A-22 

𝑄 = (10.4 kg) [(310.18 − 252.19)
kJ

kg
] + (1.05 kg) (2568.4

kJ

kg
) − (0.88 kg) (2482.2

kJ

kg
) −

(0.17 kg) (334.86
kJ

kg
) = 1058.65 kJ 

 

Comments:  

#1 The numerator of this expression represents the rigid tank’s volume given as 3m
3
. When 

calculated here, the V= 2.9983m
3
 which is rounded to 3 m

3
 as given for use in part (a). 

#2 Since water is present both as a liquid and vapor, it is necessary to use steam table data when 

evaluating Q, and not data from the ideal gas table for water (Table A-23). 

 

#1 

#2 



Problem 12.54   
 

Air at 12°C, 1 atm, and 40% relative humidity enters a heat exchanger with a volumetric flow 

rate of 1 m
3
/s. A separate stream of dry air enters at 280°C, 1 atm with a mass flow rate of 0.875 

kg/s and exits at 220°C. Neglecting heat transfer between the heat exchanger and its 

surroundings, pressure drops of each stream, and kinetic and potential energy effects, determine 

(a)  the temperature of the exiting moist air, in °C. 

(b)  the rate of exergy destruction, in kW, for T0 = 12°C.  

 

Known:  

Operating data are provided for a heat exchanger at steady state involving a stream of moist air 

and dry air stream. 

 

Find:  

Determine the temperature of the exiting moist air and the exergy destruction rate. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volume shown in the accompanying figure is at steady state with �̇�cv = �̇�cv = 0 

and negligible effects of kinetic and potential energy. 

(2) There is no pressure drop in either stream. 

(3) The moist air acts as an ideal gas as does the dry air stream. 

 

Analysis: 

Mass rate balances give �̇�4 = �̇�3;   �̇�𝑎2 = �̇�1 = �̇�𝑎;   �̇�𝑣1
= �̇�𝑣2

. Thus, 𝜔1 = 𝜔2 = 𝜔. To find 

ω, use:  

𝑝𝑣1
= 𝜙1𝑝g1

= (0.4)(0.01402 bar) = 0.00561 bar 

𝜔 = 0.622 [
0.00561

1.01325 − 0.0056
] = 0.003462 

kg (vapor)

kg (dry air)
 

 

The mass flow rate of dry air is evaluated using the volumetric flow rate at 1 with the ideal gas 

equation of state and with pa1 = p - pv1 = 1.01325 - 0.00561 = 1.00764 bar 

(AV)
1
 = 1 m

3
/s 

T
1
 = 12

o
C 

p
1
 = 1 atm 

ϕ
1
=40% 

2 

3 

1 

4 

T
4
 = 220

o
C 

T
0
 = 285 K 

�̇�3 = 0.875
kg

s
 

T
3
 = 280

o
C 

p
3
 = 1 atm 



�̇�a =
(𝐴𝑉)1

𝑣a1

=
𝑝a1

(AV)1

(
�̅�

𝑀a
) 𝑇1

=
(1.00764 ×  105 N

m2) (1
m3

s )

(
8314
28.97

N ∙ m
kg ∙ K

) (285 K)
= 1.232

kg (air)

s
 

 

 

(a) An energy rate balance at steady state reduces to:  

0 = �̇�cv − �̇�cv + [�̇�aℎa1
+ �̇�v1

ℎv1
] − [�̇�aℎa2

+ �̇�v2
ℎv2

] + �̇�3ℎ3 − �̇�4ℎ4 

 

Or, using the above mass rate balances and rearranging 

ℎa(𝑇2) + 𝜔ℎv(𝑇2) = ℎa(𝑇1) + 𝜔ℎv(𝑇1) +
�̇�3

�̇�a

(ℎ3 − ℎ4) 

 

As water at state 2 is present only in the vapor phase, Table A-23 is used to evaluate hv. Data 

for ha is obtained from Table A-22 with interpolation 

ℎ𝑎(𝑇2) + 𝜔ℎv(𝑇2)

= 285.14
kJ

kg
+ (0.003462) (9463.5

kJ

kmol
) (

1 kmol

18.02 kg
)

+ (
0.875

1.232
) [(557.87 − 495.82)

kJ

kg
] = 331

kJ

kga
  

 

Solving iteratively, 𝑇2 ≈ 329 K = 56°C 

 

(b) The exergy destruction rate is given by Ėd = 𝑇0�̇�cv, where �̇�cv is the rate of entropy 

production obtained from an entropy rate balance 

0 = ∑
�̇�j

𝑇j
j

+ [�̇�a𝑠a1
+ �̇�v1

𝑠v1
] − [�̇�a𝑠a2

+ �̇�v2
𝑠v2

] + �̇�3[𝑠3 − 𝑠4] + �̇�cv 

Or: 

�̇�cv = �̇�a[(𝑠a2
− 𝑠a1

) + 𝜔(𝑠v2
− 𝑠v1

)] + �̇�3[𝑠4 − 𝑠3] 

 

Since 𝑝a2
= 𝑝a1

;   𝑝v2
= 𝑝v1

, and 𝑝3 = 𝑝4, this becomes  

�̇�cv = �̇�a {𝑠a
𝑜(𝑇2) − 𝑠a

𝑜(𝑇1) +
𝜔

𝑀v

[�̅�v
o(𝑇2) − �̅�v

𝑜(𝑇1)]} + �̇�3[𝑠a
o(𝑇4) − 𝑠a

𝑜(𝑇3)] 

= (1.232
kg

s
) {[(1.79476 − 1.65055)

kJ

kg ∙ K
] + (

0.00346

18.02
kg

kmol

) [
(192.032 − 187.204)kJ

kmol ∙ K
]}

+ (0.875
kg

s
) [(2.20499 − 2.32372)

kJ

kg ∙ K
] = 0.0749

kJ

s ∙ K
 

 

Finally, solving for the exergy destruction rate: 

Ėd = 𝑇0�̇�cv = (285 K) (0.0749
kJ

s∙K
) = 21.35 kW 



Problem 12.55   
 

Solve Problem 12.47 using the psychrometric chart, Fig. A-9E. 

 

Known:  

A volume of 10
6
 ft

3
 contains air at 80°F, 1 atm, ω = 0.01 lb(v)/lb(a). 

 

Find:  

Determine (a) the relative humidity, (b) dew point temperature, and (c) the mass of water vapor 

present using Fig. A-9E. 

 

Schematic & Given Data: 

See solution to Prob. 12.47. 

 

Engineering Model:  

See solution to Prob. 12.47. 

 

Analysis: 

By inspection of Fig. A-9E 

𝜙 = 46% 
𝑇dp = 57°F 

𝑣a = 13.82
ft3

lb (air)
 

 

Thus 

𝑣v =
𝑣a

𝜔
=

13.82
ft3

lba

0.01
lbv

lba

= 1382
ft3

lb (vapor)
 

 

So 

𝑚v =
𝑉

𝑣v
=

106 ft3

1382
ft3

lb (vapor)

= 723.6 lb (vapor) 

 

 

 

 



















Problem 12.60   
 

Air at 30°C, 1.05 bar, and 80% relative humidity enters a dehumidifier operating at steady state. 

Moist air exits at 15°C, 1 bar and 95% relative humidity. Condensate exits in a separate stream at 

15°C. A refrigerant flows through the cooling coil of the dehumidifier with an increase in its 

specific enthalpy of 100 kJ per kg of refrigerant flowing. Heat transfer between the humidifier 

and its surroundings, and kinetic and potential energy effects can be ignored. Determine the 

refrigerant flow rate, in kg per kg of dry air. 

 

Known:  

Operating data are provided for a dehumidifier at steady state. 

 

Find:  

Determine the refrigerant flow rate, in kg per kg of dry air. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volume shown in the accompanying figure is at steady state with �̇�cv = �̇�cv = 0 

and negligible effects of kinetic and potential energy. 

(2) Condensate exits as a saturated liquid at 15°C. 

(3) Assume constant specific heat for the air at 300 K. 

 

Analysis: 

At steady state mass rate balances give �̇�𝑎1
= �̇�𝑎2

= �̇�𝑎 and �̇�𝑣1
= �̇�𝑣2

+ �̇�𝑤. Thus, the rate 

water condensed per unit mass of dry air is 
�̇�w

�̇�a
= 𝜔1 − 𝜔2                                                                                                                                              (1) 

 

An energy rate balance at steady state reduces to: 

0 = �̇�cv − �̇�cv + �̇�R(ℎi − ℎe) + [�̇�aℎa1
+ �̇�v1

ℎv1
] − [�̇�aℎa2

+ �̇�v2
ℎv2

] − �̇�wℎ3 

Condensate 

T
3
 = 15

o
C 

1 2 

3 

T
1
 = 30

o
C 

p
1
 = 1.05 bar 

ϕ
1
=80% 

T
2
 = 15

o
C 

p
2
 = 1 bar 

ϕ
2
=95% 

i e 

ℎe − ℎi = 100
kJ

kg(R)
 

�̇�R 

Cooling Coil 



 

Or, with Eq. (1) rearranging and using assumption (3) 

�̇�R

�̇�a
=

(ℎa2
− ℎa1

) + 𝜔2ℎg2
− 𝜔1ℎg1

+ (𝜔1 − 𝜔2)ℎf3

(ℎi − ℎe)R

=
𝑐𝑝a

(𝑇2 − 𝑇1) + 𝜔2ℎg2
− 𝜔1ℎg1

+ (𝜔1 − 𝜔2)ℎf3

(hi − ℎe)R
 

 

To find ω1 and ω2 and using values from Table A-2,  𝑝v1
= 𝜙1𝑝g(𝑇1) = 0.8(0.04246) =

0.03397 bar and 𝑝2 = 𝜙2𝑝g(𝑇2) = 0.95(0.01705) = 0.0162 bar. Using Eq. 12.43 

𝜔1 = 0.622
𝑝v1

𝑝1 − 𝑝v1

= 0.622 [
0.03397

1.05 − 0.03397
] = 0.0208

kg (vapor)

kg (air)
 

𝜔2 = 0.622
𝑝v2

𝑝2 − 𝑝v2

= 0.622 [
0.0162

1 − 0.0162
] = 0.0102

kg (vapor)

kg (air)
 

 

Then, with 𝑐𝑝𝑎
= 1.005

kJ

kg∙K
  from Table A-20 and enthalpy values from Table A-2 

�̇�R

�̇�a

=
(1.005

kJ
kg ∙ K

) (15 − 30)K + 0.0102 (2528.9
kJ
kg

) − 0.0208 (2556.3
kJ
kg

) + (0.0208 − 0.0102) (62.99
kJ
kg

)

(−100
kJ

kg (ref)
)

= 0.418
kg (ref)

kg (air)
 

  

 















Problem 12.63   
 

Dry air enters a device operating at steady state at 27°C, 2 bar with a volumetric flow rate of 300 

m
3
/min. Liquid water is injected and a moist air stream exits at 15°C, 2 bar, and 91% relative 

humidity. Determine 

(a)  the mass flow rate at the exit, in kg/min. 

(b)  the temperature, in °C, of the liquid water injected into the air stream. 

 

Ignore heat transfer between the device and its surroundings and ignore kinetic and potential 

energy effects. 

 

Known:  

Dry air at a specified temperature, pressure, and volumetric flow rate enters a device operating at 

steady state. Liquid water is injected and a moist air stream exits at a known temperature, 

pressure and relative humidity. 

 

Find:  

Determine (a) the mass flow rate at the exit and (b) the temperature of the injected liquid water. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volume shown in the accompanying figure is at steady state with �̇�cv = �̇�cv = 0 

and negligible effects of kinetic and potential energy. 

(2) The liquid enters as saturated liquid. 

(3) The dry air and moist air streams act as ideal gases. 

 

Analysis: 

(a) At steady state mass rate balances give �̇�a1
= �̇�a3

= �̇�a and �̇�v2
= �̇�w. The mass flow rate 

at 1 is obtained using the volumetric flow rate and the ideal gas equation of state: 

�̇�a1
=

(AV)1

𝑣1
=

𝑝1(AV)1

(�̅�/𝑀a)𝑇1

=
(2 ×  105 N

m2) (300
m3

min)

(
8314
28.97

N ∙ m
kg ∙ K

) (300 K)
= 696.897

kg

min
 

 

The mass flow rate at 3 is: 

Dry air 

(AV)
1
 = 300 m

3
/min 

T
1
 = 27

o
C 

p
1
 = 2 bar 

2 

3 1 

Moist air 

T
3
 = 15

o
C 

p
3
 = 2 bar 

ϕ = 91% Liquid water 

T
2
 



�̇�3 = �̇�𝑎3
+ �̇�𝑣3

= �̇�𝑎(1 + 𝜔3)                                                                                           (1) 

 

To find ω3 and using Table A-2, 𝑝v3
= 𝜙3𝑝g(𝑇3) = (0.91)(0.01705 bar) = 0.01552 bar, 

and so with Eq. 12.43 

𝜔3 = 0.662
𝑝v3

𝑝3−𝑝v3

= 0.622
0.01552

2−0.01552
= 0.00486

kg (vapor)

kg (air)
 

 

Accordingly, Eq. (1) gives 

�̇�3 = (696.897
kg

min
) (1 + 0.00486) = 700.284

kg

min
 

 

The mass flow rate of the incoming liquid is then 

�̇�𝑤 = �̇�3 − �̇�𝑎1
= 700.284 − 696.897 = 3.387

kg

min
 

 

(b) An energy rate balance at steady state reads 

0 = �̇�cv − �̇�cv + �̇�aℎa(𝑇1) + �̇�wℎf(𝑇2) − [�̇�aℎa(𝑇3) + �̇�v3
ℎg(𝑇3)] 

  

Thus 

ℎf(𝑇2) =
�̇�a[ℎa(𝑇3) − ℎa(𝑇1) + 𝜔3ℎg(𝑇3)]

�̇�w
 

  

Using data from Tables A-2 and A-22: 

  

ℎf(𝑇2) =
(696.897

kg
min

) [288.15 − 300.19 + 0.00486(2528.9)]
kJ
kg

3.387
kg

min

= 51.53
kJ

kg
 

 

Interpolation in Table A-2 gives 

𝑇2 ≈ 12°C 
 

Comment:  

#1  Owing to the small amount of water injected, the calculated value for T2 is relatively 

sensitive to round off of the intermediate values. 

#1 





Problem 12.65   
 

At steady state, moist air at 29°C, 1 bar, and 50% relative humidity enters a device with a 

volumetric flow rate of 13 m
3
/s. Liquid water at 40°C is sprayed into the moist air with a mass 

flow rate of 22 kg/s. The liquid water that does not evaporate into the moist air stream is drained 

and flows to another device at 26°C with a mass flow rate of 21.55 kg/s. A single moist air 

stream exits at 1 bar. Determine the temperature and relative humidity of the moist air stream 

exiting. Ignore heat transfer between the device and its surroundings and kinetic and potential 

energy effects. 

 

Known:  

Operating data are provided for a device at steady state for which there are incoming and exiting 

moist air and liquid streams. 

 

Find:  

Determine the temperature and relative humidity of the exiting moist air stream. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volume shown in the accompanying figure is at steady state with �̇�cv = �̇�cv = 0 

and negligible effects of kinetic and potential energy. 

(2) The liquid streams enter and exit as saturated liquid. 

(3) The moist air streams adhere to the ideal gas model. 

 

Analysis: 

At steady state mass rate balances give �̇�a1
= �̇�a2

= �̇�a and �̇�v1
+ �̇�3 = �̇�v2

+ �̇�4. Thus 

�̇�v2
= �̇�v1

+ �̇�3 − �̇�4                                                                                                                (1) 

 

Using the given volumetric flow rate and the ideal gas equation of state with values from Tables 

A-1 and A-2 

T
1
 = 29

o
C 

p
1
 = 1 bar 

𝜙1 = 50% 

(AV)
1
 = 13 m

3
/s 

�̇�3 = 22
kg

s
 

Liquid Water 

T
3
 = 40

o
C 

4 

3 

1 

p
2
 = 1 bar 

T
2
, 𝜙2 

2 

�̇�4 = 21.55
kg

s
 

T
4
 = 26

o
C 



�̇�v1
=

(AV)1

𝑣v1

=
𝑝v1

(AV)1

(�̅�/𝑀v)𝑇1

=
(𝜙1𝑝g(𝑇1)) (AV)1

(�̅�/𝑀v)𝑇1

=
(0.5) (0.04008 ×  105 N

m2) (13
m3

s )

(
8314
18.02

N ∙ m
kg ∙ K

) (302 K)

= 0.187
kg (vapor)

s
 

�̇�𝑎1
=

𝑝a1
(AV)1

(�̅�/𝑀a)𝑇1

=
[(1 − (0.5)(0.04008)) ∗ 105 N

m2] (13
m3

s )

(
8314
28.97

N ∙ m
kg ∙ K

) (302 K)
= 14.7

kg (air)

s
 

 

Then, from Eq. (1), �̇�v2
= 0.187 + 22 − 21.55 = 0.637

kg (vapor)

s
. The humidity ratios are 

𝜔1 =
�̇�v1

�̇�a
=

0.187

14.7
= 0.01272

kg (vapor)

kg (air)
, 𝜔2 =

0.637

14.7
= 0.04333

kg (vapor)

kg (air)
 

 

The temperature T2 can be determined using an energy rate balance which reduces to give 

0 = �̇�cv − �̇�cv + �̇�aℎa1
+ �̇�3ℎ3 − �̇�4ℎ4 − [�̇�aℎa2

+ �̇�v2
ℎv2

] 
 

Rearranging and inserting values from Tables A-2 and A-22 

ℎa(𝑇2) + 𝜔2ℎg2
= [ℎa(𝑇1) + 𝜔1ℎg1

] +
�̇�3

�̇�a
ℎf3

−
�̇�4

�̇�a
ℎf4

= [302.2 + (0.01272)(2554.5)]
kJ

kg

+
(22

kg
s

) (167.57
kJ
kg

) − (21.55
kg
s ) (109.07

kJ
kg

)

14.7
kg
s

= 425.58
kJ

kga
 

 

Solving this iteratively using data from Tables A-2 and A-22 

𝑇2 ≈ 41°C 
 

To find 𝜙2, pv2, solve Eq. 12.43 

𝑝𝑣2
=

𝑝2𝜔2

0.622 + 𝜔2
=

(1 bar)(0.0433)

0.622 + 0.0433
= 0.0651 bar 

 

Using a value from Table A-2 with interpolation and Eq. 12.44 

𝜙2 =
𝑝v2

𝑝g(𝑇2)
=

0.0651

0.0783
= 0.831 = 83.1% 

 

 











































Problem 12.75  
 

Each case listed gives the dry-bulb temperature and relative humidity of the moist air stream 

entering an air-conditioning system: 

(a)  40°C, 60% 

(b)  20°C, 65% 

(c)  32°C, 45% 

(d)  13°C, 30% 

(e) 30°C, 35% 

 

The condition of the moist air stream exiting the system must satisfy these constraints: 23 ≤ Tdb ≤ 

28°C, 45 ≤ ϕ ≤ 60%. In each case, develop a schematic of equipment and process from Sec. 12.8 

that would achieve the desired result.  The processes might include combinations of cooling, 

dehumidification, heating, and humidification.  Sketch the process on a psychrometric chart. 

 

Known:  

Five cases are provided for the condition of the moist-air stream entering an air-conditioning 

system, together with the constraints that the exiting moist-air stream must satisfy. 

 

Find:  

In each case develop a schematic of equipment and processes from Sec. 12.8 that would achieve 

the desired result. 

 

Schematic and Known Data: 



Engineering Model: 

(1) The principles of Sec. 12.8 apply. 

 

Analysis: 

(a) Dehumidifying followed by reheating, see Figure 12.11. 

(b) Heating at fixed moisture. 

(c) Cooling at fixed moisture. 

(d) Heating and humidifying, see Figure 12.12. 

(e) Evaporative cooling, see Figure 12.13. 

 

Note: The alternatives presented are not the only ones that might be considered. Depending on 

the condition at the exit, other processes can be proposed. 



Problem 12.76   
 

Moist air enters a device operating at steady state at 1 atm with a dry-bulb temperature of 55°C 

and a wet-bulb temperature of 25°C. Liquid water at 20°C is sprayed into the air stream, bringing 

it to 40°C, 1 atm at the exit. Determine 

(a)  the relative humidities at the inlet and exit. 

(b)  the rate that liquid water is sprayed into the air stream, in kg per kg of dry air. 

 

Known:  

Operating data are provided for an air conditioner at steady state. 

 

Find:  

Determine (a) the relative humidities at the inlet and exit, and (b) the rate of liquid water sprayed 

into the air stream. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volume shown in the accompanying figure is at steady state with �̇�cv = �̇�cv = 0 

and negligible effects of kinetic and potential energy. 

(2) The liquid spray is saturated liquid. 

(3) The moist air streams adhere to the ideal gas model. 

(4) The wet bulb temperature is used in place of the adiabatic saturation temperature. 

 

Analysis: 

At steady state mass rate balances give �̇�a1
= �̇�a2

= �̇�a and �̇�v1
+ �̇�w = �̇�v2

. Thus: 

�̇�w = �̇�v2
− �̇�v1

= �̇�a(𝜔2 − 𝜔1)                                                                                                          (1) 

  

(a) The relative humidity 𝜙1 can be obtained using ω1, found using Eqs. 12.49 and 12.48 with 

constant specific heat at 300 K and values from Table A-2 

𝜔′ = 0.622
𝑝g(𝑇wb)

𝑝 − 𝑝g(𝑇wb)
= 0.622 [

0.03169

1.01325 − 0.03169
] = 0.02008

kg (vapor)

kg (air)
 

3 

2 1 
T

1
 = 55

o
C 

p
1
 = 1 atm 

T
wb 

= 25
o
C 

T
2
 = 40

o
C 

p
2
 = 1 atm 

Liquid water 

T
3
 = 20

o
C 

 



𝜔1 =
ℎa(𝑇wb) − ℎa(𝑇1) + 𝜔′[ℎg(𝑇wb) − ℎf(𝑇wb)]

ℎg(𝑇1) − ℎf(𝑇wb)
=

𝑐p(𝑇wb − 𝑇1) + 𝜔′[ℎfg(𝑇wb)]

ℎg(𝑇1) − ℎf(𝑇wb)

=
(1.005

kJ
kg ∙ K

) (25 − 55)K + (0.02008) (2442.3
kJ
kg

)

(2600.9 − 104.89)
kJ
kg

= 0.00757
kg (vapor)

kg (air)
 

 

Solving Eq. 12.43 for pv 

𝑝v1
=

𝜔1𝑝1

0.622 + 𝜔1
=

(0.00757)(1.01325 bar)

0.622 + 0.00757
= 0.0122 bar 

 

Solving for 𝜙1 

𝜙1 =
𝑝v1

𝑝g(𝑇1)
=

0.0122

0.1576
= 0.077 = 7.7% 

 

The relative humidity 𝜙2 can be obtained using ω2 found from an energy rate balance. At 

steady state 

0 = �̇�cv − �̇�cv + �̇�aℎa1
+ �̇�v1

ℎv1
+ �̇�wℎ3 − [�̇�aℎa2

+ �̇�v2
ℎv2

] 

  

Thus, with Eq. (1) 

0 = �̇�a[(ℎa1
− ℎa2

) + 𝜔1ℎg1
− 𝜔2ℎg2

+ (𝜔2 − 𝜔1)ℎf3
] 

0 = (ℎa1
− ℎa2

) + 𝜔1(ℎg1
− ℎf3

) − 𝜔2(ℎg2
− ℎf3

) 

 

Solving for ω2 

  

𝜔2 =
(ℎa1

− ℎa2
) + 𝜔1(ℎg1

− ℎf3
)

(ℎg2
− ℎf3

)
=

𝑐𝑝(𝑇1 − 𝑇2) + 𝜔1(ℎg1
− ℎf3

)

(ℎg2
− ℎf3

)

=
(1.005

kJ
kg ∙ K

) (55 − 40)K + (0.00757)(2600.9 − 83.96)
kJ
kg

(2574.3 − 83.96)
kJ
kg

= 0.0137
kg (vapor)

kg (air)
 

 

Solving for 𝑝v2
 

𝑝v2
=

𝜔2𝑝2

0.622 + 𝜔2
=

0.0137(1.01325 bar)

0.622 + 0.0137
= 0.02184 bar 

 

Solving for 𝜙2 

𝜙2 =
𝑝v2

𝑝g(𝑇2)
=

0.02184

0.07384
= 0.296 = 29.6% 



 

(b) Finally, the amount of liquid water sprayed per kg of dry air is 
�̇�w

�̇�a
= 𝜔2 − 𝜔1 = 0.0137 − 0.00757 = 0.00613

kg (liquid)

kg (air)
 

 



























Problem 12.84   
 

Figure P12.84 shows a steam-spray humidification device at steady state. Heat transfer between 

the device and its surroundings can be ignored, as can kinetic and potential energy effects. 

Determine the rate of exergy destruction, in Btu/min, for T0=95°F. 

 

Known:  

Operating data are provided for a steam-spray humidification device at steady state. 

 

Find:  

Determine the rate of energy destruction. 

 

Schematic & Given Data: 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volume shown in the accompanying figure is at steady state with Q̇cv = �̇�cv = 0 

and negligible effects of kinetic and potential energy. 

(2) The moist air streams adhere to the ideal gas model. 

 

Analysis: 

As a preliminary, the mole fractions for dry air and water vapor are evaluated. At 1, the mass 

flow rate of vapor is �̇�v1
= 𝜔1�̇�a1

= (0.01406)(400) = 5.624
lb

min
. Thus, the molar flow rates 

at 1 are 

�̇�a1
=

�̇�a1

𝑀a
=

400
lb

min

28.97
lb

kmol

= 13.8074
kmol

min
;  �̇�v1

=
�̇�v1

𝑀v
=

5.624
lb

min

18.02
lb

kmol

= 0.3121
kmol

min
 

𝑦a1
=

�̇�a1

�̇�a1
+ �̇�v1

=
13.8074

13.8074 + 0.3121
= 0.9779;  𝑦v1

=
�̇�v1

�̇�a1
+ �̇�v1

=
0.3121

13.8074 + 0.3121
= 0.0221 

 

At 3, the mass flow rate of vapor is �̇�v3
= �̇�v1

+ �̇�v = 5.624 + 1.404 = 7.028
lb

min
. The molar 

flow rates at 3 are 

1 

2 

3 

T
0
 = 555

o
R 

�̇�a = 400
lb

min
 

𝑇1 = 95°F 

𝑝1 = 1 atm 

𝜔1 = 0.01406 

�̇�a = 400
lb

min
 

𝑇3 = 95.73°F 

𝑝3 = 1 atm 

𝜔3 = 0.01757 

�̇�v = 1.404
lb

min
 

𝑇2 = 230°F 

Saturated water vapor 



�̇�a3
= �̇�a1

= 13.8074
kmol

min
;  �̇�v3

=
�̇�v3

𝑀v
=

7.028
lb

min

18.02
lb

kmol

= 0.39
kmol

min
 

𝑦a3
=

�̇�a3

�̇�a3
+ �̇�v3

=
13.8074

13.8074 + 0.39
= 0.9725;  𝑦v3

=
�̇�v3

�̇�a3
+ �̇�v3

=
0.39

13.8074 + 0.39
= 0.0275 

 

Also, it may be recalled that at states of water vapor where the ideal gas model is applicable, Eq. 

6.18 can be used 

       𝑠(𝑇, 𝑝v) − 𝑠(𝑇, 𝑝g) = ∫ 𝑐𝑝
d𝑇

𝑇
− 𝑅 ln

𝑝v

𝑝g
 

or 

𝑠(𝑇, 𝑝v) = 𝑠g(𝑇) −
�̅�

𝑀v
ln 𝜙                                                 (1)                                                                         

 

 

 

 

 

 

With these preliminaries in hand, the exergy destruction rate can be evaluated using Ėd =
𝑇0�̇�cv, where �̇�cv is the rate of entropy production from an entropy rate balance 

0 = ∑
�̇�j

𝑇j
+ [�̇�a𝑠a(𝑇1, 𝑦a1

𝑝) + �̇�v1
𝑠v(𝑇1, 𝑦v1

𝑝)] + �̇�v𝑠g(𝑇2)

− [�̇�a𝑠a(𝑇3, 𝑦a3
𝑝) + �̇�v3

𝑠v(𝑇3, 𝑦v3
𝑝)] + �̇�cv 

 

Thus 

�̇�𝑐v = �̇�a[𝑠a(𝑇3, 𝑦a3
𝑝) − 𝑠a(𝑇1, 𝑦a1

𝑝)] + �̇�v3
𝑠v(𝑇3, 𝑦v3

𝑝) − �̇�v1
𝑠v(𝑇1, 𝑦v1

𝑝) − �̇�v𝑠g(𝑇2) 

 

Using Eq. 6.22 and Eq. (1) from above: 

�̇�cv = �̇�a [𝑐𝑝𝑎
ln

𝑇3

𝑇1
−

�̅�

𝑀a
ln

𝑦a3

𝑦a1

] + �̇�v3
[𝑠g(𝑇3) −

�̅�

𝑀v
ln

𝑦v3
𝑝

𝑝g(𝑇3)
] − �̇�v1

[𝑠g(𝑇1) −
�̅�

𝑀v
ln

𝑦v1
𝑝

𝑝g(𝑇1)
]

− �̇�v𝑠g(𝑇2) 

= (400
lb

min
) [(0.24

Btu

lb°R
) ln

555.73°R

555°R
− (

1.986

28.97

Btu

lb°R
) ln

0.9725

0.9779
]

+ (7.028
lb

min
) [1.9932

Btu

lb°R
− (

1.986

18.02

Btu

lb°R
) ln

(0.0275)(14.696)

0.8348
]

− (5.624
lb

min
) [1.9951

Btu

lb°R
− (

1.986

18.02

Btu

lb°R
) ln

(0.0221)(14.696)

0.8165
]

− (1.404
lb

min
) (1.7289

Btu

lb°R
) = 0.6289 

Btu

min°R
 

 

Finally 

Ėd = 𝑇0�̇�cv = (555°R) (0.6289
Btu

min°R
) = 349.04

Btu

min
 

1 

p
V
 

p
g
(T) 

T 

s 

g 







Problem 12.87   
 

Atmospheric air having dry-bulb and wet-bulb temperatures of 33 and 29°C, respectively, enters 

a well-insulated chamber operating at steady state and mixes with air entering with dry-bulb and 

wet-bulb temperatures of 16 and 12°C, respectively. The volumetric flow rate of the lower 

temperature stream is twice that of the other stream. A single mixed stream exits. Determine for 

the exiting stream 

(a)  the relative humidity. 

(b)  the temperature, in °C. 

 

Pressure is uniform throughout at 1 atm. Neglect kinetic and potential energy effects. 

 

Known:  

Atmosphere air and moist air with given conditions mix adiabatically in a well-insulated 

chamber. 

 

Find:  

For the exiting stream, determine (a) the relative humidity and (b) temperature. 

 

Schematic & Given Data:  

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volume shown in the accompanying figure is at steady state with �̇�cv = �̇�cv = 0 

and negligible effects of kinetic and potential energy. 

(2) The pressure is uniform throughout at 1 atm. 

(3) The wet-bulb temperature can be used in place of the adiabatic saturation temperature. 

 

Analysis: 

a.) At steady state, mass rate balances give �̇�a1
+ �̇�a2

= �̇�a3
 and �̇�v1

+ �̇�v2
= �̇�v3

. Thus 

𝜔1�̇�a1
+ 𝜔2�̇�a2

= 𝜔3�̇�a3
 

 

Combining  

𝜔3 =
𝜔1�̇�a1

+ 𝜔2ṁa2

�̇�a1
+ �̇�a2

=

𝜔1 + (
�̇�a2

�̇�a1

) 𝜔2

1 + (
�̇�a2

�̇�a1

)

                                                                                             (1) 

2 

3 

1 
 

T
1
 = 33

o
C 

T
wb

 = 29
o
C 

T
3
, Φ

3
 T

2
 = 16

o
C 

T
wb

 = 12
o
C 

(AV)
2
 = 2(AV)

1
  

 
 



The mass flow rate ratio is obtained using the given volumetric flow rate relation 

�̇�a1
=

(AV)1

𝑣a1

=
𝑝a1

(AV)1

�̅�
𝑀a

𝑇1

;   �̇�a2
=

𝑝a2
(AV)2

�̅�
𝑀a

𝑇2

⟹
�̇�a2

�̇�a1

=
𝑝a2

𝑝a1

𝑇1

𝑇2

(AV)2

(AV)1
= 2

𝑝a2

𝑝a1

𝑇1

𝑇2
                     (2) 

 

The terms ω1 and ω2 can be calculated using Eq. 12.48 and 12.49 and by assuming constant 

specific heat. First, to find ω1 

𝜔′ = 0.622
𝑝g(𝑇wb)

𝑝 − 𝑝g(𝑇wb)
= 0.622

0.04008 bar

(1.01325 − 0.04008)bar
= 0.0256 

 

𝜔1 =
𝑐𝑝(𝑇wb − 𝑇1) + 𝜔′ℎfg(𝑇wb)

ℎg(𝑇1) − ℎf(𝑇wb)
=

(1.005
kJ

kg ∙ K
) (29 − 33)K + (0.0256) (2432.8

kJ
kg

)

(2561.7 − 121.61)
kJ
kg

= 0.0239
kg (vapor)

kg (air)
 

 

To find ω2 

𝜔′ = 0.622
𝑝g(𝑇wb)

𝑝 − 𝑝g(𝑇wb)
= 0.622

0.01402 bar

(1.01325 − 0.01402)bar
= 0.0087 

𝜔2 =
𝑐𝑝(𝑇wb − 𝑇2) + 𝜔′ℎfg(𝑇wb)

ℎg(𝑇2) − ℎf(𝑇wb)
=

(1.005
kJ

kg ∙ K
) (12 − 16)K + (0.0087) (2523.4

kJ
kg

)

(2530.8 − 50.41)
kJ
kg

= 0.0072
kg (vapor)

kg (air)
 

 

Solving Eq. 12.43 

𝑝v1
=

𝜔1𝑝

0.622 + 𝜔1
=

(0.0239)(1.01325)

0.622 + 0.0239
= 0.0375 bar ⟹ 

pa1
= 𝑝 − 𝑝v1

= 1.01325 − 0.0375 = 0.97576 bar 

𝑝v2
=

𝜔2𝑝

0.622 + 𝜔2
=

(0.0072)(1.01325)

0.622 + 0.0072
= 0.01159 bar ⟹ 

𝑝a2
= 𝑝 − 𝑝v2

= 1.01325 − 0.0116 = 1.00166 bar 

 

Inserting values into Eq. (2) gives 

�̇�𝑎1
= 2

𝑝a2

𝑝a1

𝑇1

𝑇2
= 2 (

1.00166

0.97576
 ) (

306

289
) = 2.174 

 

Then, with known values, Eq. (1) yields 

𝜔3 =
0.0239 + (2.174)(0.0072)

1 + 2.174
= 0.01246

kg (vapor)

kg (air)
 

 

 



Accordingly 

𝑝v3
=

𝜔3𝑝

0.622 + 𝜔3
=

(0.01246)(1.01325)

0.622 + 0.01246
= 0.0199 bar 

 

Then 

𝜙3 =
𝑝v3

𝑝g(𝑇3)
=

0.0199

𝑝g(𝑇3)
                                                                                                                               (3) 

 

b.) To find T3 write an energy balance for the control volume with assumption (1): 

0 = �̇�cv − �̇�cv + �̇�a1
ℎa1

+ �̇�v1
ℎv1

+ �̇�a2
ℎa2

+ �̇�v2
ℎv2

− [�̇�a3
ℎa3

+ �̇�v3
ℎv3

] 

 

Thus 

0 = �̇�a1
[ℎa1

+ 𝜔1ℎg1
] + �̇�a2

[ℎa2
+ 𝜔2ℎg2

] − �̇�a3
[ℎa3

+ 𝜔3ℎg3
] 

 

Or 

ℎa3
+ 𝜔3ℎg3

=
�̇�a1

[ℎa1
+ 𝜔1ℎg1

] + �̇�a2
[ℎa2

+ 𝜔2ℎg2
]

�̇�a1
+ �̇�a2

=

[ℎa1
+ 𝜔1ℎg1

] + (
�̇�a2

�̇�a1

) [ℎa2
+ 𝜔2ℎg2

]

1 + (
�̇�a2

�̇�a1

)

 

 

With values from Tables A-2 and A-22 

ℎa3
+ 𝜔3ℎg3

=
[306.2 + (0.0239)(2561.7)]

kJ
kg

+ (2.174)[289.2 + (0.0072)(2530.8)]
kJ
kg

1 + 2.174

= 326.3
kJ

kg (air)
 

 

(b) Solving iteratively 

𝑇3 ≈ 21.5°C 
 

(a) Returning to Eq. (3) 

𝜙3 =
0.0199

0.0257
= 0.774 = 77.4% 

 

Comment: The solution of this problem can be facilitated by use of a psychrometric chart. 

However, note that the specific enthalpy of moist air appearing on the chart is calculated as 

[𝑐𝑝a𝑇(℃) + 𝜔ℎg], and not as determined in the above solution. 





Problem 12.89   
 

At steady state, a stream consisting of 650 ft
3
/min of air at 55

° 
F, 1 atm, 20% relative humidity is 

mixed adiabatically with a stream consisting of 900 ft
3
/min of air at 75

° 
F, 1 atm, 80% relative 

humidity. A single mixed stream exits at 1 atm. Neglect kinetic and potential energy effects.  

Determine for the exiting stream 

(a)  the relative humidity. 

(b)  the temperature, in 
°
F. 

 

Solution:   

 

Known:  

Two air streams with given conditions mix adiabatically. 

 

Find:  

Determine for the exiting stream, (a) the relative humidity and (b) the temperature. 

 

Schematic and Known Data: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volume shown in the accompanying figure is at steady state with �̇�cv = �̇�cv = 0 

and negligible effects of kinetic and potential energy. 

 

Analysis: 

At steady state mass rate balances give �̇�a1
+ �̇�a2

= �̇�a3
 and �̇�v1

+ �̇�v2
= �̇�v3

. Thus 

𝜔1�̇�a1
+ 𝜔2�̇�a2

= 𝜔3�̇�a3
;  ⟹  𝜔3 =

𝜔1�̇�a1
+ 𝜔2�̇�a2

�̇�a1
+ �̇�a2

                                    (1) 

 

The mass flow rates are obtained using the given volumetric flow rates and 𝑝v1
= 𝜙1𝑝g1

=

(0.2)(0.21415) = 0.0428
lbf

in.2
;   𝑝v2

= 𝜙2𝑝g2
= (0.8)(0.4302) = 0.3442

lbf

in.2
 

 

2 

3 

1 

(AV)1 = 650 ft
3
/min 

T1 = 55
o
F 

𝜙1 = 20% 

p1 = 1 atm 

p3 = 1 atm 

T3, 𝜙3 
(AV)2 = 900 ft

3
/min 

T2 = 75
o
F 

𝜙2= 80% 

p2 = 1 atm 



�̇�a1
=

(AV)1

𝑣a1

=
𝑝a1

(AV)1

�̅�
𝑀a

𝑇1

=
[(14.696 − 0.0428)

lbf
in.2

∙
144 in.2

ft2 ] (650
ft3

min)

(
1545
28.97

ft ∙ lbf
lb°R

) (515°R)
= 49.94

lb (air)

min
 

�̇�a2
=

𝑝a2
(AV)2

�̅�
𝑀a

𝑇2

=
[(14.696 − 0.3442)

lbf
in.2

∙
144 in.2

ft2 ] (900
ft3

min)

(
1545
28.97

ft ∙ lbf
lb°R

) (535°R)
= 65.19

lb (air)

min
 

 

Solving Eq. 12.43, the values of ω1 and ω2 are: 

𝜔1 = 0.622
𝑝v1

𝑝 − 𝑝v1

= 0.622
0.0428

14.696 − 0.0428
= 0.0018

lb (vapor)

lb (air)
 

𝜔2 = 0.622
𝑝v2

𝑝 − 𝑝v2

= 0.622
0.3442

14.696 − 0.3442
= 0.0149

lb (vapor)

lb (air)
 

Accordingly, Eq. (1) gives: 

𝜔3 =
𝜔1�̇�a1

+ 𝜔2�̇�a2

�̇�a1
+ �̇�a2

=
(0.0018) (49.94

lb
min) + (0.0149) (65.19

lb
min)

(49.94 + 65.19)
lb

min

= 0.0092
lb (vapor)

lb (air)
 

 

Solving Eq. 12.43 

𝑝v3
=

𝜔3𝑝3

0.622 + 𝜔3
=

(0.0092)(14.696)

0.622 + 0.0092
= 0.2142

lbf

in.2
 ⟹  𝜙3 =

𝑝v3

𝑝g(𝑇3)
 

=
0.2142

𝑝g(𝑇3)
                                                                                                                (2) 

 

The temperature T3 can be obtained from an energy rate balance which reduces with the 

assumptions listed above to 

0 = �̇�cv − �̇�cv + �̇�a1
ℎa1

+ �̇�v1
ℎv1

+ �̇�a2
ℎa2

+ �̇�v2
ℎv2

− [�̇�a3
ℎa3

+ �̇�v3
ℎv3

] 

 

Thus, 0 = �̇�a1
[ℎa1

+ 𝜔1ℎg1
] + �̇�a2

[ℎa2
+ 𝜔2ℎg2

] − �̇�a3
[ℎa3

+ 𝜔3ℎg3
] 

or 

ℎa3
+ 𝜔3ℎg3

=
�̇�a1

[ℎa1
+ 𝜔1ℎg1

] + �̇�a2
[ℎa2

+ 𝜔3ℎg2
]

�̇�a1
+ �̇�a2

 

 

With values from Tables A-2 and A-22: 

ℎa3
+ 𝜔3ℎg3

=
(44.94

lb
min) [123.07 + (0.0018)(1085.5)]

Btu
lb

+ (65.19
lb

min) [127.86 + (0.0149)(1094.25)]
Btu
lb

(49.94 + 65.19)
lb

min

 

                                  = 135.86
Btu

lb (air)
 



(b) Solving iteratively 

𝑇3 ≈ 68°F 
 

(a) Returning to Eq. (2) 

𝜙3 =
0.2142

0.3391
= 0.632 = 63.2% 

 







Problem 12.91  
 

At steady state, a device for heating and humidifying air has 250 ft
3
/min of air at 40°F, 1 atm, 

and 80% relative humidity entering at one location, 1000 ft
3
/min of air at 60°F, 1 atm, and 80% 

relative humidity entering at another location, and liquid water injected at 55°F. A single moist 

air stream exits at 85°F, 1 atm, and 35% relative humidity. Using data from the psychrometric 

chart, Fig. A-9E, determine 

(a)  the rate of heat transfer to the device, in Btu/min. 

(b)  the rate at which liquid water is injected, in lb/min. 

 

Neglect kinetic and potential energy effects. 

 

Known:  

Data are provided for a device heating and humidifying air. 

 

Find:  

Determine the rate of heat transfer to the device and the rate liquid water is injected. 

 

Schematic and Known Data: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) The control volume in the accompanying figure is at steady state with �̇�cv = 0 and negligible 

effects of kinetic and potential energy. 

(2) The liquid enters as saturated liquid. The moist air streams adhere to the ideal gas model. 

 

Analysis: 

(a) An energy rate equation at steady state gives: 

0 = �̇�cv − �̇�cv + [�̇�a1
ℎa1

+ �̇�v1
ℎv1

] + [�̇�a2
ℎa2

+ �̇�vs
ℎv2

] + �̇�wℎw − [�̇�a3
ℎa3

+ �̇�v3
ℎv3

] 

 

Thus 

�̇�cv = �̇�a3
[ℎa(𝑇3) + 𝜔3ℎg(𝑇3)] − �̇�a1

[ℎa(𝑇1) + 𝜔1ℎg(𝑇1)] − �̇�a2
[ℎa(𝑇2) + 𝜔2ℎg(𝑇2)]

− �̇�wℎf(𝑇4) 
 

2 

3 

1 

(AV)1 = 250 ft
3
/min 

T1 = 40
o
F 

𝜙1 = 80% 

p1 = 1 atm 

p3 = 1 atm 

T3 = 85
o
F 

𝜙3= 35% 
(AV)2 = 1000 ft

3
/min 

T2 = 60
o
F 

𝜙2= 80% 

p2 = 1 atm 

4 
Liquid Water 

T4 = 55
o
F 

�̇�cv 



Substituting h1 = ℎa(𝑇1) + 𝜔1ℎg(𝑇1), h 2= ℎa(𝑇2) + 𝜔2ℎg(𝑇2), and h 3 = ℎa(𝑇3) + 𝜔3ℎg(𝑇3)  

 

�̇�cv = �̇�a3
[ℎ3] − �̇�a1

[ℎ1] − �̇�a2
[ℎ2] − �̇�wℎf(𝑇4)                                                     (1) 

 

Where h1, h2, and h3 are found from the psychrometric chart (Figure A-9E) and the hf value is 

from Table A-2E at T4: 

ℎ1 = 14
Btu

lb dry air
,   ℎ2 = 24

Btu

lb dry air
,    ℎ3 = 30.5

Btu

lb dry air
, ℎf = 23.075

Btu

lb vapor
 

 

Revisit part (a) after completing part (b). 

 

(b) At steady state, mass rate balances give: 

�̇�a1
+ �̇�a2

= �̇�a3
 

�̇�v1
+ �̇�v2

+ �̇�w = �̇�v3
⟹ �̇�w = �̇�v3

− �̇�v1
− �̇�v2

= 𝜔3�̇�a3
− 𝜔1�̇�a1

− 𝜔2�̇�a2
 

 

Combining these results: 

�̇�w = 𝜔3(�̇�a1
+ �̇�a2

) − 𝜔1�̇�a1
− 𝜔2�̇�a2

= �̇�a1
(𝜔3 − 𝜔1) + �̇�a2

(𝜔3 − 𝜔2)     (2) 

 

 

To find ω1, ω2, ω3 use the psychrometric chart (Figure A-9E): 

𝜔1 = 0.0041
lb vapor

lb dry air
,   𝜔2 = 0.0089

lb vapor

lb dry air
,    𝜔3 = 0.0090

lb vapor

lb dry air
 

 

To find �̇�𝑎1
and  �̇�a2

use the psychrometric chart (Figure A-9E) for specific volume and the 

given volumetric flow rates at 1 and 2. 

 

𝑣a1
= 12.68 

ft3

lb dry air
 and 𝑣a2

= 13.3 
ft3

lb dry air
 

�̇�𝑎1
=

(AV)1

𝑣a1

=
250

ft3

min

12.68 
ft3

lb dry air
 

= 19.7
lb dry air

min
 

�̇�a2
=

(AV)2

𝑣a2

=
1000

ft3

min

13.3 
ft3

lb dry air
  

= 75.2
lb dry air

min
 

�̇�a1
+ �̇�a2

= �̇�a3
= 19.7

lb dry air

min
+ 75.2

lb dry air

min
= 94.9

lb dry air

min
 

 

Substituting values into Eq. (2), the rate liquid is injected is: 

 

�̇�w = �̇�a1
(𝜔3 − 𝜔1) + �̇�a2

(𝜔3 − 𝜔2)                                          

 



�̇�w = (19.7
lb dry air

min
) (0.009 − 0.0041)

lb vapor

lb dry air
+ (75.2

lba

min
) (0.009 − 0.0089)

lb vapor

lb dry air

= 0.104
lb

min
 

 

Revisiting part (a) while substituting values into Eq. (1), the rate of heat transfer to the device is: 

 

�̇�cv = �̇�a3
[ℎ3] − �̇�a1

[ℎ1] − �̇�a2
[ℎ2] − �̇�wℎf(𝑇4) =  (94.9

lb

min
) [30.5

Btu

lb dry air
] −

(19.7
lb dry air

min
) [14

Btu

lb dry air
] − (75.2

lb dry air

min
) [24

Btu

lb dry air
] − (0.104

lb

min
) (23.075

Btu

lb 
) =

811.5
Btu

min
   

                                                    

 
 











Problem 12.96  
 

At steady state, a stream of air at 56°F, 1 atm, 50% relative humidity is mixed adiabatically with 

a stream of air at 100°F, 1 atm, 80% relative humidity. The mass flow rate of the higher-

temperature stream is twice that of the other stream. A single mixed stream exits at 1 atm. Using 

the result of problem 12.74, determine for the exiting stream 

(a)  the temperature, in °F. 

(b)  the relative humidity. 

 

Neglect kinetic and potential energy effects. 

 

Known:  

A moist air stream at 56°F, 1 atm, 𝜙1=50% is mixed adiabatically with a stream of air at 100°F, 

1 atm, 𝜙2=80%. The mass flow rate of the 56°F stream is twice that of the 100°F stream. 

 

Find:  

Using the result of problem 12.74, determine the temperature and relative humidity of the exiting 

stream. 

 

Schematic and Known Data: 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) The control volume in the accompanying figure is at steady state with �̇�cv = �̇�cv = 0 and 

negligible effects of kinetic and potential energy. 

 

Analysis: 

(a) At steady state, mass rate balances give: 

�̇�1 + �̇�2 = �̇�3 ⟹ �̇�3 = 1.5�̇�1                                                            (1) 

�̇�a1
+ �̇�a2

= �̇�a3
 

�̇�v1
+ �̇�v2

= �̇�v3
⟹ �̇�a1

𝜔1 + �̇�a2
𝜔2 = �̇�a3

𝜔3                            (2) 

 

Also, at each location: 

�̇� = �̇�a + �̇�v = �̇�a(1 + 𝜔) ⟹ �̇�a =
�̇�

1 + 𝜔
                                   (3) 

 

Combining Eqs. (1), (2), and (3) together with �̇�1 = 2�̇�2: 

2 

3 

1 

T1 = 56
o
F 

𝜙1 = 50% 

p1 = 1 atm 

T3=? 

𝜙3=? 
p3 = 1 atm 

 

T2 = 100
o
F 

𝜙2 = 80% 

p2 = 1 atm 

�̇�1 = 2�̇�2 



�̇�1

1 + 𝜔1
𝜔1 +

�̇�2

1 + 𝜔2
𝜔2 =

�̇�3

1 + 𝜔3
𝜔3 ⟹ 

𝜔1

1 + 𝜔1
+ (0.5)

𝜔2

1 + 𝜔2
= (1.5)

𝜔3

1 + 𝜔3
                                                    (4) 

 

To find ω1 and ω2, first solve for 𝑝v1
and 𝑝v2

using values from Table A-2E 

𝑝v1
= 𝜙1𝑝g(𝑇1) = 0.5(0.2219) = 0.11095

lbf

in.2
 

𝑝v2
= 𝜙2𝑝g(𝑇2) = 0.8(0.9503) = 0.76024

lbf

in.2
 

𝜔1 = 0.622 (
0.11095

14.696 − 0.11095
) = 0.00473

lbv

lba
 

𝜔2 = 0.622 (
0.76024

14.696 − 0.76024
) = 0.0339

lbv

lba
 

 

Substituting values into Eq. (4): 
0.00473

1.00473
+ (0.5)

0.0339

1.0339
= (1.5)

𝜔3

1 + 𝜔3
⟹ 𝜔3 = 0.01427

lbv

lba
 

 

Solving Eq. 12.43: 

𝑝v3
=

𝜔3𝑝

0.622 + 𝜔3
=

(0.01427)(14.696)

0.622 + 0.01427
= 0.3296

𝑙𝑏𝑓

𝑖𝑛.2
⟹ 

𝜙3 =
𝑝v3

𝑝g(𝑇3)
=

0.3296

𝑝g(𝑇3)
                                                                  (5) 

 

To find T3, write an energy rate balance for the control volume. With assumption (1), this 

becomes: 

0 = �̇�cv − �̇�cv + [�̇�a1
ℎa1

+ �̇�v1
ℎv1

] + [�̇�a2
ℎa2

+ �̇�v2
ℎv2

] − [�̇�a3
ℎa3

+ �̇�v3
ℎv3

] 

or 

�̇�a3
[ℎa3

+ 𝜔3ℎg3
] = �̇�a1

[ℎa1
+ 𝜔1ℎg1

] + �̇�a2
[ℎa2

+ 𝜔2ℎg2
] 

�̇�3

1 + 𝜔3
[ℎa3

+ 𝜔3ℎg3
] =

�̇�1

1 + 𝜔1
[ℎa1

+ 𝜔1ℎg1
] +

�̇�2

1 + 𝜔2
[ℎa2

+ 𝜔2ℎg2
]           (6) 

 

With the result of Problem 12.74: 

[ℎ𝑎1
+ 𝜔1ℎ𝑔1

] = 0.24(56) + 0.00473(1061 + 0.444(56)) = 18.58
Btu

lba
 

[ℎa2
+ 𝜔2ℎg2

] = 0.24(100) + 0.0339(1061 + 0.444(100)) = 61.47
Btu

lba
 

[ℎa3
+ 𝜔3ℎg3

] = 0.24(𝑇3) + 0.01427(1061 + 0.444(𝑇3)) 

 

Thus, with �̇�3 = 1.5�̇�1, �̇�2 = 0.5�̇�1, Eq. (6) becomes: 



0.24(𝑇3) + 0.01427(1061 + 0.444(𝑇3))

=
(

1.01427
1.00473) (18.58

Btu
lb

) + 0.5 (
1.01427
1.0339 ) (61.47

Btu
lb

)

1.5
= 32.6 

0.2463𝑇3 = 17.46 ⟹ 𝑇3 = 70.9°F 
 

(b) Then, with Eq. (5): 

𝜙3 =
𝑝v3

𝑝g(𝑇3)
=

0.3296

0.3747
= 0.8796 = 88% 



















Problem 12.100    
 

Figure P12.100 shows a device for conditioning moist air entering at 5
o
C, 1 atm, 90% relative 

humidity, and a volumetric flow rate of 60 m
3
/min. The incoming air is first heated at essentially 

constant pressure to 24
o
C. Superheated steam at 1 atm is then injected, bringing the moist air 

stream to 25
o
C, 1 atm, and 45% relative humidity. Determine for steady state operation 

(a)  the rate of heat transfer to the air passing through the heating section, in kJ/min. 

(b)  the mass flow rate of the injected steam, in kg/min. 

(c)  If the injected steam expands through a valve from a saturated vapor condition at the valve 

inlet, determine the inlet pressure, in bar. 

 

Neglect kinetic and potential energy effects. 

 

Known:  

Operating data are provided for an air conditioner in which moist air is first heated and then 

superheated steam entering through a valve is injected into the air. 

 

Find:  

Determine (a) the rate of heat transfer, (b) the mass flow rate of the injected steam, and (c) the 

pressure at the valve inlet. 

 

Schematic and Known Data: 

 

T3 = 25oC
p3 = 1 atm
ϕ3 = 45%

1 2 3

T1 = 5oC
p1 = 1 atm
ϕ1 = 90%
(AV)1 = 60 m3/min T2 = 24oC

Heat Transfer

Saturated Vapor at p4

Water Vapor at 1 atm



Engineering Model:  

(1) The control volumes shown in the accompanying figure are at steady state with �̇�𝑐𝑣 = 0 and 

negligible effects of kinetic and potential energy. 

(2) The control volume including the valve also has �̇�cv = 0. 

 

Analysis: 

(a) Start analysis with part (b). 

 

(b) Steady state mass rate balances give �̇�a1
= �̇�a2

= �̇�a3
= �̇�a;   �̇�v1

= �̇�v2
;   �̇�v2

+ �̇�v4
=

�̇�v3
. Thus ω1 = ω2 and: 

�̇�4 = �̇�v3
− �̇�v2

= �̇�a(𝜔3 − 𝜔2) = �̇�a(𝜔3 − 𝜔1)                                       (1) 

 

The mass flow rate is obtained using the given volumetric flow at 1, the ideal gas equation of 

state and 𝑝v1
= 𝜙1𝑝g(𝑇1) = (0.9)(0.00872 bar) = 0.00785 bar: 

�̇�a =
(AV)1

𝑣a1

=
𝑝a1

(AV)1

�̅�
𝑀a

𝑇1

=
(𝑝1 − 𝑝v1

)(AV)1

�̅�
𝑀a

𝑇1

=
[(1.01325 − 0.00785) ∙ 105 N

m2] (60
m3

min)

(
8314
28.97

N ∙ m
kg ∙ K

) (278 K)

= 75.61
kg

min
 

 

Solving Eq. 12.43 with 𝑝v3
= 𝜙3𝑝g(𝑇3) = (0.45)(0.03169 bar) = 0.01426 bar, the values of 

ω1 and ω3 are 

𝜔1 = 0.622
𝑝v1

𝑝 − 𝑝v1

= 0.622
0.00785

1.01325 − 0.00785
= 0.00486

kg (vapor)

kg (air)
 

𝜔3 = 0.622
𝑝v3

𝑝 − 𝑝v3

= 0.622
0.01426

1.01325 − 0.01426
= 0.00888

kg (vapor)

kg (air)
 

Substituting into Eq. (1) gives: 

�̇�4 = �̇�𝑎(𝜔3 − 𝜔1) = (75.61
kg

min
) (0.00888 − 0.00486) = 0.304

kg

min
 

 

(a) Now revisit part (a) using an energy rate balance for the heating unit assumong constant 

specific heat which reduces to give 

�̇�cv = �̇�aℎa2
+ �̇�v2

ℎv2
− [�̇�aℎa1

+ �̇�v1
ℎv1

] = �̇�a[ℎa2
− ℎa1

+ 𝜔1(ℎg2
− ℎg1

)]

= (75.61
kg

min
) [(1.005

kJ

kg ∙ °R
) (24 − 5)°R

+ (0.00486)(2545.4 − 2510.6)
kJ

kg
] = 1456.6

kJ

min
 

 

(c) An energy rate balance on the control volume including the valve reads: 

0 = �̇�cv − �̇�cv + �̇�aℎa2
+ �̇�v2

ℎv2
+ �̇�4ℎ4 − [�̇�aℎa3

+ �̇�v3
ℎv3

] 

 

or 



ℎ4 =
�̇�a[ℎa3

− ℎa2
+ 𝜔3ℎg3

− 𝜔2ℎg2
]

�̇�4

=
(75.61

kg
min) [(1.005

kJ
kg ∙ °R

) (25 − 24)°R + (0.00888) (2547.2
kJ
kg

) − (. 00486) (2545.4
kJ
kg

)]

0.304
kg

min

= 2798.8
kJ

kg
 

 

Interpolating in Table A-3 with ℎg = ℎ4 = 2798.8
kJ

kg
 : 

 

𝑝4 = 19.52 bar 







Problem 12.102    
 

Figure P12.102 shows the adiabatic mixing of two moist air streams at steady state. Kinetic and 

potential energy effects are negligible. Determine the rate of exergy destruction, in Btu/min, for 

T0 = 95°F. 

 

Known:  

Operating data are provided for two moist air streams mixing adiabatically at steady state. 

 

Find: 

Determine the exergy destruction rate. 

 

 

Schematic & Known Data: 

 

 
 

Engineering Model: 

(1) The control volume shown operates at steady state with �̇�cv = �̇�cv = 0 and negligible effects 

of kinetic and potential energy. 

(2) Each stream is modeled as an ideal gas mixture. 

(3) Let T0 = 555°R. 

 

Analysis: 

To determine the exergy destruction rate, we first fix state 3 using mass and energy balances. At 

steady state: 

air:  �̇�a1 + �̇�a2 = �̇�a3 

 

water:  �̇�v1 + �̇�v2 = �̇�v3 → 𝜔1�̇�a1 + 𝜔2�̇�a2 = 𝜔3�̇�a3 

 

Thus: 

𝜔3 =
𝜔1�̇�a1 + 𝜔2�̇�a2
�̇�a1 + �̇�a2

                                                             (1) 

 



At state 1 with data from Table A-2E, 

𝑝𝑣1 = 𝜙1𝑝𝑔(𝑇1) = 0.5(0.5967) = 0.29835
lbf

in.2
 

 

𝜔1 = 0.622
𝑝𝑣1

𝑝 − 𝑝𝑣1
= 0.622 (

0.29835

14.696 − 0.29835
) = 0.01289

lbv
lba

 

 

To find ω2, use Eqs. 12.53 and 12.52, respectively with 𝑇wb2 = 𝑇as: 

 

𝜔2
′ = 0.622 [

𝑝g(𝑇wb2)

𝑝 − 𝑝g(𝑇wb2)
] = 0.622 [

0.5073

14.696 − 0.5073
] = 0.0222 

 

𝜔2 =
𝑐𝑝𝑎(𝑇wb2 − 𝑇2) + 𝜔

′ℎfg(𝑇wb)

ℎg(𝑇2) − ℎf(𝑇wb)
=
(0.24

Btu
lb ∙ °R

) (80 − 125)°R + (0.0222) (1048.3
Btu
lb
)

(1115.6 − 48.09)
Btu
lb

= 0.01168
lbv
lba

 

 

Also: 

𝑝𝑣2 =
𝜔2𝑝

0.622 + 𝜔2
=
(0.01168)(14.696)

0.622 + 0.01168
= 0.271

lbf

in.2
 

 

The mass flow rates are: 

�̇�a1 =
(𝑝 − 𝑝v1)(AV)1

𝑅𝑎𝑇1
=
[(14.696 − 0.29835)

lbf
in.2
|
144in.2

ft2
|] (3000

ft3

min)

(
1545
28.97

ft ∙ lbf
lb ∙ °R

) (545°R)
= 213.99

lb

min
 

�̇�a2 =
(𝑝 − 𝑝v2)(AV)2

𝑅a𝑇2
=
[(14.696 − 0.271)

lbf
in.2
|
144in.2

ft2
|] (2500

ft3

min)

(
1545
28.97

ft ∙ lbf
lb ∙ °R

) (585°R)
= 166.45  

lb

min
 

�̇�a3 = �̇�a1 + �̇�a2 = 380.44
lb

min
 

 

At steady state the energy rate balance reduces to: 

 

0 = �̇�cv − �̇�cv + [�̇�a1ℎa1 + �̇�v1ℎv1] + [�̇�a2ℎa2 + �̇�v2ℎv2] − [�̇�a3ℎa3 + �̇�v3ℎv3] 

 

Thus: 

0 = �̇�a1[ℎa1 +𝜔1ℎg1] + �̇�a2[ℎa2 + 𝜔2ℎg2] − �̇�a3[ℎa3 +𝜔3ℎg3] 

 

Or 

ℎa3 + 𝜔3ℎg3 =
�̇�a1
�̇�a3

[ℎa1 + 𝜔1ℎg1] +
�̇�a2
�̇�a3

[ℎa2 + 𝜔2ℎg2]                           (2) 



 

Using the result from Problem 12.74, ℎa + 𝜔ℎg = 0.24𝑇 + 𝜔(1061 + 0.444𝑇) where T is in °F.  

ℎa1 + 𝜔1ℎg1 = 0.24(85) + (0.01289)(1061 + 0.444(85)) = 34.56
Btu

lb
 

ℎa2 + 𝜔2ℎg2 = 0.24(125) + (0.01168)(1061 + 0.444(125)) = 43.04
Btu

lb
 

 

Using Eq. (1) 

 

𝜔3 =
𝜔1�̇�a1 + 𝜔2�̇�a2
�̇�a1 + �̇�a2

 =    
(0.01289)(213.99) + (0.01168)(166.45)

(213.99) + (166.45)

= 0.01236
lbv
lba
                                                           

From Eq. (2): 

 
�̇�a1
�̇�a3

[ℎa1 + 𝜔1ℎg1] +
�̇�a2
�̇�a3

[ℎa2 + 𝜔2ℎg2] = (
213.99

380.44
) (34.56) + (

166.45

380.44
) (43.04) = 38.27 

 

Using the results again from Problem 12.74, solve for T3: 

 

ℎa3 + 𝜔3ℎg3 = 0.24𝑇3 + 𝜔3(1061 + 0.444𝑇3) = 

38.27 = 0.24𝑇3 + 0.01236(1061 + .444𝑇3) ⟹                       𝑇3 = 102.5°F 
 

The exergy destruction rate is Ėd = 𝑇0�̇�cv, where �̇�cv is the entropy production rate from an 

entropy balance which at steady state takes the form: 

0 =∑
�̇�j

𝑇j
j

⏞  
0

+ [�̇�a1𝑠a(𝑇1, 𝑝a1) + �̇�v1𝑠v(𝑇1, 𝑝v1)] + [�̇�a2𝑠a(𝑇2, 𝑝a2) + �̇�v2𝑠v(𝑇2, 𝑝v2)]

− [�̇�a3𝑠𝑎(𝑇3, 𝑝a3) + �̇�v3𝑠v(𝑇3, 𝑝v3)] + �̇�cv 

Or: 

�̇�cv = �̇�a3[𝑠a(𝑇3, 𝑝a3) + 𝜔3𝑠v(𝑇3, 𝑝v3)] − �̇�a1[𝑠a(𝑇1, 𝑝a1) + 𝜔1𝑠v(𝑇1, 𝑝v1)]

− �̇�a2[𝑠a(𝑇2, 𝑝a2) + 𝜔2𝑠v(𝑇2, 𝑝v2)] 
 

Using �̇�a3 = �̇�a1 + �̇�a2 to rearrange: 

 

�̇�cv = �̇�a1[𝑠𝑎(𝑇3, 𝑝a3) − 𝑠a(𝑇1, 𝑝a1)] + �̇�a2[𝑠a(𝑇3, 𝑝a3) − 𝑠a(𝑇2, 𝑝a2)] + �̇�a3𝜔3𝑠v(𝑇3, 𝑝v3)

− �̇�a1𝜔1𝑠v(𝑇1, 𝑝v1) − �̇�a2𝜔2𝑠v(𝑇2, 𝑝v2) 

 

Using Eq. 6.18, the specific entropy for the water vapor is given by: 

𝑠v(𝑇, 𝑝v) =  𝑠g(𝑇) −
�̅�

𝑀v
ln
𝑝v
𝑝g
=  𝑠g(𝑇) −

�̅�

𝑀v
ln𝜙 

 

Combining above with Eq. 6.22 for the dry air: 



 

�̇�cv = �̇�a1 [𝑐pa ln
𝑇3

𝑇1
−

�̅�

𝑀a
ln
𝑝a3

𝑝a1
] + �̇�a2 [𝑐pa ln

𝑇3

𝑇2
−

�̅�

𝑀a
ln
𝑝a3

𝑝a2
] + �̇�a3𝜔3 [𝑠g(𝑇3) −

�̅�

𝑀v
ln 𝜙3] −

�̇�a1𝜔1 [𝑠g(𝑇1) −
�̅�

𝑀v
ln𝜙1] − �̇�a2𝜔2 [𝑠g(𝑇2) −

�̅�

𝑀v
ln 𝜙2]                                 (3) 

 

From above, 

 𝑝a1 = 𝑝 − 𝑝v1 = 14.696 − 0.29835 = 14.398
lbf

in.2
  

𝑝a2 = 𝑝 − 𝑝v2 = 14.696 − 0.271 = 14.425
lbf

in.2
.  

 

Now: 

𝑝v3 =
𝜔3𝑝

0.622 + 𝜔3
=
(0.01236)(14.696)

0.622 + (0.01236)
= 0.2863

lbf

in.2
⟹ 𝑝a3 = 𝑝 − 𝑝v3 = 14.41

lbf

in.2
 

 

Inserting values into Eq. (3) and knowing 

 

 𝜙2 =
𝑝v2

𝑝g(𝑇2)
=
0.271

1.96
= 0.1383 and 𝜙3 =

𝑝v3

𝑝g(𝑇3)
=
0.2863

1.0317
= 0.2775 

 

 

�̇�cv = (213.99
lb

min
) [(0.24

Btu

lb ∙ °R
) ln
562.5

545
− (
1.986

28.97

Btu

lb ∙ °R
) ln

14.41

14.398
]

+ (166.45
lb

min
) [(0.24

Btu

lb ∙ °R
) ln
562.5

585
− (
1.986

28.97

Btu

lb ∙ °R
) ln

14.41

14.425
]

+ (380.44
lb

min
) (0.01236) [1.976

Btu

lb ∙ °R
− (
1.986

18.02

Btu

lb ∙ °R
) ln 0.2775]

− (213.99
lb

min
) (0.01289) [2.02175

Btu

lb ∙ °R
− (
1.986

18.02

Btu

lb ∙ °R
) ln 0.5]

− (166.45
lb

min
) (0.01168) [1.92225

Btu

lb ∙ °R
− (
1.986

18.02

Btu

lb ∙ °R
) ln 0.1383]

= 1.611 − 1.555 + 9.956 − 5.787 − 4.161 = 0.064
Btu

min ∙ °R
 

 

Finally: 

Ėd = 𝑇0�̇�cv = (555°R) (0.064
Btu

min∙°R
) = 35.52

Btu

min
 

 











Problem 12.105   
 

Liquid water at 120° F enters a cooling tower operating at steady state with a mass flow rate of 

140 lb/s. Atmospheric air enters at 80° F, 1 atm, 30% relative humidity. Saturated air exits at 

100° F, 1 atm. Makeup water is not provided. Determine the mass flow rate of dry air required, 

in lb/h, if cooled water exits the tower at (a) 80° F and (b) 60° F.  Ignore kinetic and potential 

energy effects. 

 

Known:  

Operating data are provided for a cooling tower operating at steady state 

 

Find:  

Determine the mass flow rate of dry air for each of two cases 

 

Schematic and Known Data: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model:  

(1) The control volumes shown in the accompanying figure are at steady state with �̇�cv = �̇�cv =
0 and negligible effects of kinetic and potential energy. 

(2) For streams 1 and 2, h = hf(T). 

 

Analysis: 

At steady state, mass rate balances give �̇�a3
= �̇�a4

= �̇�a;   �̇�v1
= �̇�v2

;   �̇�v2
+ �̇�v4

= �̇�v3
  and 

�̇�1 + �̇�v3
= �̇�2 + �̇�v4

⟹ �̇�2 = �̇�1 + �̇�a(𝜔3 − 𝜔4)                                      (1) 

 

To find ω3 and ω4, write 𝑝v3
= 𝜙3𝑝g(𝑇3) = (0.3)(0.5073) = 0.15219

lbf

in.2
;    𝑝v4

= 𝑝g(𝑇4) =

0.9503
lbf

in.2
. Then, using equation 12.43 

𝜔3 = 0.622
𝑝𝑣3

𝑝 − 𝑝𝑣3

= 0.622
0.15219

14.696 − 0.15219
= 0.0065

lb (vapor)

lb (air)
 

T3 = 80
o
F 

p3 = 1 atm 

ϕ3 = 30% 

3 

2 

1 

Liquid Water 

(a) T2 = 80
o
F 

(b) T2 = 60
o
F 

Saturated air 

T4 = 100
o
F 

p4 = 1 atm 

ϕ4 = 100% 4 

𝑇1 = 120°F 

�̇�1 = 140
lb

s
 

Liquid Water 



𝜔4 = 0.622
𝑝𝑣4

𝑝 − 𝑝𝑣4

= 0.622
0.9503

14.696 − 0.9503
= 0.0430

lb (vapor)

lb (air)
 

The mass flow rate �̇�a can be found from an energy rate balance which at steady state reduces to 

0 = �̇�cv − �̇�cv + [�̇�aℎa3
+ �̇�v3

ℎv3
] + �̇�1ℎf(𝑇1) + �̇�1ℎ1 − �̇�2ℎ2 − [�̇�aℎa4

+ �̇�v4
ℎv4

] 

 

Introducing Eq. (1) 

0 = �̇�a[ℎa3
+ 𝜔3ℎg3

] + �̇�1ℎf(𝑇1) − [�̇�1 + �̇�a(𝜔3 − 𝜔4)]ℎf(𝑇2) − �̇�a(ℎa4
+ 𝜔4ℎg4

) 

 

Solving for �̇�a 

�̇�a =
�̇�1[ℎf(𝑇1) − ℎf(𝑇2)]

ℎa4
− ℎa3

+ 𝜔4ℎg4
− 𝜔3ℎg3

+ (𝜔3 − 𝜔4)ℎf(𝑇2)
 

 

=
(140

lb
s ) [88

𝐵𝑡𝑢
𝑙𝑏

− ℎf(𝑇2)]

0.24
Btu
lb°R

(100 − 80)°R + (0.043) (1105
Btu
lb

) − (0.0065) (1096.4
Btu
lb

) + (0.043 − 0.0065)ℎf(𝑇2)
 

 

=
(140

lb
s ) [88

Btu
lb

− ℎf(𝑇2)]

45.188
Btu
lb

− (0.0365)ℎf(𝑇2)
 

 

(a) Substituting ℎf(80°F) = 48.08
Btu

lb
 into the equation above: 

�̇�a =
(140

lb
s ) [88 − 48.09]

Btu
lb

[45.188 − (0.0365)(48.09)]
Btu
lb

∙
3600s

h
= 4.631 ∙ 105

lb

h
 

 

(b) Substituting ℎf(60°F) = 28.08
Btu

lb
 into the equation above: 

�̇�a =
(140

lb
s ) [88 − 28.08]

Btu
lb

[45.188 − (0.0365)(28.08)]
Btu
lb

∙
3600s

h
= 6.838 ∙ 105

lb

h
 

 













Problem 12.108   
 

Liquid water at 120°F and a volumetric flow rate of 275 ft
3
/min enters a cooling tower operating 

at steady state. Cooled water exits the cooling tower at 90°F. Atmospheric air enters the tower at 

86°F, 1 atm, 35% relative humidity, and saturated moist air at 100°F, 1 atm exits the cooling 

tower. Determine 

(a) the mass flow rates of the dry air and the cooled water, each in lb/min. 

(b) the rate of exergy destruction within the cooling tower, in Btu/s, for T0 = 77°F. 

 

Ignore kinetic and potential energy effects. 

 

Known:  

Steady state operating data are provided for a cooling tower. 

 

Find:  

Determine (a) the mass flow rates of the dry air and cooled water, and (b) the tower rate of 

exergy destruction. 

 

Schematic and Known Data:  

 

 

 

 

 

 

 

 

 

 

 

 

Engineering Model: 

(1) The control volume shown operates at steady state. 

(2) �̇�cv = �̇�cv = 0 and the effects of kinetic and potential energy are negligible. 

(3) Each liquid stream is regarded as a saturated liquid at the corresponding temperature. 

(4) The moist air streams are treated as ideal gas mixtures. 

(5) Let T0 = 537°R. 

 

Analysis: 

(a)  Mass rate balances at steady state follow 

�̇�a3
= �̇�a4

≡ �̇�a 

�̇�2 = �̇�1 + �̇�v3
− �̇�v4

= �̇�1 + �̇�a(𝜔3 − 𝜔4)                              (1) 

 

An energy rate balance reduces to 

0 = �̇�1ℎf1
− �̇�2ℎf2

+ �̇�a(ℎa3
+ 𝜔3ℎg3

) − 𝑚𝑎(ℎa4
+ 𝜔4ℎg4

) 

Or, with Eq. (1) 

T3 = 86
o
F 

p3 = 1 atm 

ϕ3 = 35% 

3 

2 

1 

Liquid Water 

T2 = 90
o
F 

Saturated Air 

T4 = 100
o
F 

p4 = 1 atm 

 
4 Liquid Water 

T1 = 120
o
F 

(AV)1 = 275 ft
3
/min 



0 = �̇�1ℎf1
− [�̇�1 + �̇�a(𝜔3 − 𝜔4)]ℎf2

+ �̇�a(ℎa3
+ 𝜔3ℎg3

) − 𝑚a(ℎa4
+ 𝜔4ℎg4

) 

 

Solving for �̇�a 

�̇�a =
�̇�1(ℎf1

− ℎf2
)

(ℎa4
+ 𝜔4ℎg4

) − (ℎa3
+ 𝜔3ℎg3

) + (𝜔3 − 𝜔4)ℎf2

 

 

�̇�a =
�̇�1(ℎf1

− ℎf2
)

𝑐𝑝𝑎
(𝑇4 − 𝑇3) + 𝜔4ℎg4

− 𝜔3ℎg3
+ (𝜔3 − 𝜔4)ℎf2

                        (2) 

 

Where 

𝜔3 = 0.622
𝜙3𝑝g3

𝑝 − 𝜙3𝑝g3

=
0.622(0.35)(0.6158)

14.7 − (0.35)(0.6158)
= 0.009255

lbv

lba
 

𝜔4 = 0.622
𝜙4𝑝g4

𝑝 − 𝜙4𝑝g4

=
0.622(1)(0.9503)

14.7 − (1)(0.9503)
= 0.04299

lbv

lba
 

�̇�1 =
(AV)1

𝑣f1

=
275

ft3

min

0.01621
ft3

lb

= 16965
lb

min
 

Inserting values into Eq. (2) 

 

�̇�a =
(16965

lb
min) (88.00 − 58.07)

Btu
lb

(0.24
Btu

lb ∙ °R
) (100 − 86)°R + (0.04299) (1105.0

Btu
lb

) − (0.009255) (1099.0
Btu
lb

) +

(0.009255 − 0.04299) (58.07
Btu
lb

)

 

�̇�a = 13109
lb

min
 

 

Then, with Eq. (1) 

�̇�2 = 16965 + 13109(0.009255 − 0.04299) = 16523
lb

min
 

 

(b)  The rate of exergy destruction can be evaluated in terms of entropy production rate: 

Ėd = 𝑇0𝜎cv, where from an entropy rate balance 

 

�̇�cv = �̇�2𝑠f(𝑇2) − �̇�1𝑠f(𝑇1) + �̇�a[𝑠𝑎(𝑇4, 𝑝a4
) + 𝜔4𝑠g(𝑇4)] − �̇�a[𝑠a(𝑇3, 𝑝a3

) + 𝜔3𝑠v(𝑇3, 𝑝v3
)] 

 

Further rearranging 

 

�̇�cv = �̇�2𝑠f(𝑇2) − �̇�1𝑠f(𝑇1) + �̇�a [(𝑠𝑎(𝑇4, 𝑝a4
) − 𝑠a(𝑇3, 𝑝a3

)) + 𝜔4𝑠g(𝑇4) − 𝜔3𝑠v(𝑇3, 𝑝v3
)] 

 

Recall 

𝑝a4
=  𝑝4 − 𝑝g4

 and 𝑠v(𝑇3, 𝑝v3
) =  𝑠g(𝑇3) −

�̅�

𝑀
(ln 𝜙3) (see Sec. 12.5.2) 

 



Using steam table data (
Btu

lb∙°R
) from Table A-2E 

 

𝑠f(𝑇1) = 0.1647            𝑠f(𝑇2) = 0.1117            𝑠g(𝑇3) = 2.0190            𝑠g(𝑇4) = 1.9822 

 

Substituting values into 𝑠v(𝑇3, 𝑝v3
) =  𝑠g(𝑇3) −

�̅�

𝑀
(ln 𝜙3) 

𝑠v(𝑇3, 𝑝v3
) = 𝑠g(𝑇3) −

�̅�

𝑀
ln 𝜙3 = 2.0190 −

1.986

18.02
ln 0.35 = 2.1347 

 

Also 

𝑠a(𝑇4, 𝑝a4
) − 𝑠a(𝑇3, 𝑝a3

) = 𝑐𝑝 ln
𝑇4

𝑇3
−

�̅�

𝑀a
ln

𝑝a4

𝑝a3

= 0.24 (ln
560

546
) − (

1.986

28.97
) ln

14.7 − 0.9503

14.7 − (0.35)(0.6158)
= 0.009645

Btu

lb ∙ °R
 

 

Then 

�̇�cv = �̇�2𝑠f(𝑇2) − �̇�1𝑠f(𝑇1) + �̇�a [(𝑠𝑎(𝑇4, 𝑝a4
) − 𝑠a(𝑇3, 𝑝a3

)) + 𝜔4𝑠g(𝑇4) − 𝜔3𝑠v(𝑇3, 𝑝v3
)] 

�̇�cv = (16523
lb

min
) (0.1117

Btu

lb ∙ °R
) − (16965

lb

min
) (0.1647

Btu

lb ∙ °R
)

+ (13109
lb

min
) [0.009645

Btu

lb ∙ °R
+ (0.04299) (1.9822

Btu

lb ∙ °R
)

− (0.009255) (2.1347
Btu

lb ∙ °R
)] = 36.01

Btu

min ∙ °R
 

 

Finally, 

Ėd = 𝑇0�̇�cv = (537°R) (36.01
Btu

min ∙ °R
) = 19337

Btu

min
 

 































































































































Problem 13.51 (Corrected 12/14) 

 

Liquid propane (C3H8) at 25
o
C, 1 atm, enters a well-insulated reactor operating at steady state.  

Air enters at the same temperature and pressure.  For liquid propane,    
  = – 118,900 kJ/kmol.  

Determine the temperature of the combustion products, in K, for complete combustion with 

(a) the theoretical amount of air. 

(b) 300% of theoretical air. 

______________________________________________________________________________ 

 

KNOWN: Liquid C3H8 and air, each at known temperature and pressure, enter a well-insulated 

reactor operating at steady state. 

 

FIND: Determine the temperature of the products of complete combustion for (a) theoretical air, 

and (b) 300% of theoretical air. 

 

SCHEMATIC AND GIVEN DATA: 

 

 

 

 

 

 

 

 

 

 

ANALYSIS:  

 

For complete combustion with the theoretical amount of air 

 

C3H8 + 5(O2 + 3.76 N2)            3 CO2 + 4 H2O + 18.8 N2 

 

For complete combustion with n times the theoretical amount of air 

 

 C3H8 + 5n (O2 + 3.76 N2)            3 CO2 + 4 H2O + 5(n – 1) O2 + 18.8n N2 

 

The energy balance reduces to 

 

0 = [          

     ] + 5n     
        

+ 18.8n     
        

 – 3        

       
           

       

 

       – 4        

                         – 5(n – 1)       

      
          

        

 

       – 18.8n        

      
          

              (*) 

 

 

C3H8 

298 K, 1 atm 

 

   
  = – 118,900    

              kJ/kmol 

(a) theoretical air 

(b) 300% of theoretical air 

298 K, 1 atm 

 

 

Products of 

complete 

combustion at Tp  

 

ENGINEERING MODEL: (1) The control 

volume is at steady state and   
     

   = 0. 

(2) 3.76 moles of N2 accompany each kmol of 

O2 in the air.  (3) The N2 is inert and 

combustion is complete. (4) Kinetic and 

potential energy effects can be neglected.  (5) 

All gaseous streams are modeled as ideal gas 

mixtures.  

 



Problem 13.51 (Continued) (Corrected 12/14) 

 

Rearranging 

 

3      
     + 4           + 5(n – 1)     

     + 18.8n      
     

  

 =            

  – 3        

       
       – 4        

               – 5(n – 1)        
       

 

  – 18.8n         
       

 

Inserting data from Tables A-23 and A-25 

 

3      
     + 4           + 5(n – 1)     

     + 18.8n      
     

 

    = (– 118,900) – 3 [– 393,520 – 9,364] – 4 [– 241,820 – 9,904] – 5(n – 1) [– 8,682] – 18.8n [– 8,669] 

 

    =  206,387 n + 2,053,238         (**) 

 

Using data from Table A-23 with Eq. (**) and iterating to find Tp, we get 

 

(a) for n = 1; Tp ≈ 2380 K (theoretical air) 

 

(b) for n = 3; Tp ≈ 1150 K (300% of theoretical air) 

 

Alternative Solution 

An iterative solution can be avoided by using Interactive Thermodynamics:IT  to solve Eq. (*) 

for n = 1, as follows: 

 
h_C3H8 = -118900   //kJ/kmol 
h_CO2_out = h_T("CO2",Tp) 
h_H2O_out = h_T("H2O",Tp) 
h_O2_out = h_T("O2",Tp) 
h_N2_out = h_T("N2",Tp) 
n = 1 
 
// Energy Balance based on Eq. (*): 
0 = h_C3H8  - 3*h_CO2_out - 4*h_H2O_out -5*(n-1)*h_O2_out - 18.8*n*h_N2_out 

 

Solving for the cases of n = 1 and n = 3, IT gives 

(a) Tp = 2380 K 

(b) Tp = 1151 K 

 

 

 

 

  






































































































































































































































































































































































































































































	cover txtbk
	ch01 Getting Started: Introductory Concepts and Definitions
	ch02 Energy and the First Law of Thermodynamics
	ch03 Evaluating Properties
	ch04 Control Volume Analysis Using Energy
	ch05 The Second Law of Thermodynamics
	ch06 Using Entropy
	ch07 Exergy Analysis
	ch08 Vapor Power Systems
	ch09 Gas Power Systems
	ch10 Refrigeration and Heat Pump Systems
	ch11 Thermodynamic Relations
	ch12 Ideal Gas Mixture and Psychrometric Applications
	ch13 Reacting Mixtures and Combustion
	ch14 Chemical and Phase Equilibrium



